Thermodynamic Studies On The Complexing and Extraction of Cations by Neutral Macrocyclic Complexing Agents. by Ling, How Chiong.
THERMODYNAMIC STUDIES ON THE COMPLEXING 
AND EXTRACTION OF CATIONS BY NEUTRAL 
MACROCYCLIC COMPLEXING AGENTS
By
How Chiong LING/ B.Sc.Hons
A thesis submitted in accordance with the 
requirements of the University of Surrey 
for the degree of Doctor of Philosophy
Thermochemistry Laboratory 
and
Cecil Davies Laboratory 
Department of Chemistry 
University of Surrey
England August 1981
ProQuest Number: 27606663
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27606663
Published by ProQuest LLO (2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
— î —
ABSTRACT
The general chemistry of neutral macrocyclic ligands 
is reviewed, and a rather exhaustive survey is reported of 
the thermodynamic parameters for the complexing of univa­
lent cations with crown ethers (18-crown-6, dibenzo-18- 
crown-6 ) and cryptands. The extraction of cations (M ) by 
a neutral ligand (L) is discussed in terms of the thermo­
dynamic cycle (B = G, H or S), where the subscript 'o' de­
notes a species in the organic phase:
M+
Ab'
+
AB°(M+) a b ° ( l )t
ABoc,o
AB°(M+L)
m '^’l
Values of AG^(18C6) and AG^(222) have been obtained by dis­
tribution experiments between water and n-tetradecane and 
the required solvent and n-tetradecane, and values of AH°(18C6) 
by direct solution calorimetry. A number of values of AG°(M^) 
and AH°(M^) have also been determined: these include transfer
from water to methanol/water (70/30 wt.%) and wet tri-n-butyl- 
phosphate (TBP). The thermodynamic parameters for complexing 
of 18-crown-6 (and also dibenzo-18-crown-6) with a number of 
univalent cations in methanol have been obtained by a novel 
procedure based on simple batch solution calorimetry? similar 
experiments are reported using wet TBP.
In this way, using parameters obtained in this work and 
data from the literature, the cycle (above) was constructed 
for systems involving univalent cations, the ligands 18C6 and 
cryptand 222, and solvents methanol/water (70/30 wt.%), metha­
nol, dimethylsulphoxide, N,N-dimethylformamide, propylene
-11-
carbonate and acetonitrile. It is shown that the water/methanol 
transfer using cryptand 2 2 2 is the most selective with respect 
to and Na^ and generally is also the most selective.
Distribution experiments on sodium and potassium picrate 
between water and TBP both in the absence and presence of 
18-crown-6 have been carried out and analysed by equations that 
take into account activity coefficients of the ionic species in 
each phase, to yield values of AG°(M^+ Pic”) , (M'^’Pic”) ,
AG°(M"**L + Pic ) and AG°(M^LPic”). Calorimetrically determined 
values of Pic”) and AH°(M^L + Pic”) have also been ob­
tained. The true extraction of ions by 18-crown-6 in TBP has 
been compared with hypothetical extraction into water-miscible 
solvents, and conclusions are dravm as to the requirements for 
a system capable of selectively extracting cations.
—il i—
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CHAPTER 1
TRANSFER AND DISTRIBUTION OF IONS
1.1 INTRODUCTION
The activity of a species i in a solvent S, referred to 
the activity in a hypothetical ideal one molal solution in 
the same solvent is given by the equation:
^i ~ rn^ f^  (1.1)
where m^ is the molality of the solute in solvent S, and f?
1 1
is the activity coefficient accounting for the 'secondary 
medium effect'.
The activity of the species is related to the chemical 
potential by the equation:
+ RTln(m®f®) (1.2)
where is the standard chemical potential of species i in
solvent S. In order to compare the activity of a species in 
a solvent S with that in a reference solvent, such as water 
(W), it is useful to consider a system in which species i in 
solvent S and in solution in solvent W is in equilibrium with 
the same solid phase in each case. Then,
U® = + RTln(m®f®) (1.2)
+ RTln(m%f%) (1.3)
and since the solute in each of the saturated solutions will 
have the same chemical potential as the solid phase, it follows 
that and,
= RTln(m^f^Zm^f^) (1.4)
The difference in the standard chemical potential of species 
i in the two solvents is generally known as the standard free 
energy of transfer of species i from solvent W to solvent S:
AG° = - p?"" (1.5)t i l
2-
Alternatively, sometimes a 'primary medium' activity coeffi­
cient is defined by the equation:
AG° = RTln(*fS) (1.6)
Hence, RTln( f^ ) is the amount of work, at constant pressure 
and temperature, necessary for the transfer of a species i 
from the hypothetical standard state in solvent W to the hypo­
thetical standard state in solvent S, excluding the amount of 
work necessary to surmount the electrical (galvanic) potential 
differences between solvent W and solvent S -—  the so called 
surface potential difference.
The above equation have been set out in terms of the molal
concentration scale, and hence Ag° or RTln(^f?) refers to thet: 1
transfer of one mol of species i from a hypothetical ideal one 
molal solution in solvent W to a hypothetical ideal one molal 
solution in solvent S. However, there are other concentration 
scales also in general use and hence the numerical value of 
Ag° or ^f? will alter if, for example, the molar or mol fract­
ion scale is used instead of the molal scale, although the form 
of equations (1 .1 -1 .6 ) remains the same.
The above equations deal with the transfer of one species 
i. If a 1 : 1 electrolyte is considered, then two species will 
be involved and the equations have to be amended to take this 
into account.
1.2 METHODS OF STUDY
1.2.1 Experimental evaluation of standard free energies of
1
transfer
There are three common experimental methods used to deter­
mine the free energy of transfer of electrolytes and neutral 
combinations of ions:
2 3(a) From the solubility measurement ' of a strong electro­
lyte in two media (usually in water W and another solvent S),
othe standard free energy change for the transfer (AG^ ) may be 
obtained: w
AG° = 2RTln — —  (1.7)
-sat
where the mean ionic activity of the electrolyte in
the saturated solution. This relation holds only if both 
saturated solutions are in equilibrium with the same solid 
phase. Solvate formation in either medium would necessitate 
a correction.
(b) The primary medium effect of an electrolyte can also be
4-8calculated from the standard potentials of a Galvanic cell 
The difference of the standard electromotive forces and
^E° of the galvanic cells,
M I MX, W I X I S., MX I M
with solvent media W and S is proportional to the standard free 
energy of transfer:
AG° = F(SE° - *E°) (1.8)
where F is the Faraday constant.
(c) The study of total vapour pressure of a binary solvent 
mixture and the composition of the vapour change on addition 
of electrolytes can yield information on AG° 9,10,11^
(d) Unlike the methods mentioned above, where the transfer 
is between two pure solvents, distribution studies of a sub­
stance may yield its AG° value from one solvent to the other.
In this case, however, the two solvents are mutually saturated.
-4-
1.2.2 Experimental evaluation of standard enthalpy of 
transfer (AH°)
The methods available for the study of are rather
limited. There are basically two methods:
(a) By direct calorimetric determination of the enthalpies 
of solution (^^3 oln^  of the substance under standard con­
dition in solvent W and solvent S, and extrapolation of them
to infinite dilution to obtain and . The stan-soln soln
dard enthalpy change associated with the transfer of the sub­
stance from solvent W to solvent S is then given by:
K  = ■ ^ C l n  - K o l n  (1-9)
12—16This is by far the most common and reliable method.
(b) By studying the temperature dependence of a free energy 
change, the corresponding enthalpy change may be evaluated, 
since in general:
AH = 0(AG/T)/0(1/T) (1.10)
Thus, the standard enthalpy of solution of an electrolyte may 
be obtained, for example, by investigating the temperature de­
pendence of the electromotive force of a cell^  ^containing
14that electrolyte, or its solubility variation with temperature 
This method is usually less reliable than the calorimetric me­
thod, and serious error may arise in cases where the temperature 
range covered is small.
1.2.3 Estimation of standard free energy of transfer for 
single ions
The standard free energy of transfer of an electrolyte is 
an additive function for the cation and anion. The separation 
of the experimental quantities into single ion terms has many 
applications, notably, for establishing one universal scale for
the activities of single ions and standard electrode potentials 
in different solvents, for the evaluation of liquid junction 
potentials at aqueous-non-aqueous interfaces, for the estimation 
of surface potentials (X) and providing insight into ion-solvent 
interactions. It is also possible to obtain the free energy 
change for the transfer of a combination of any electrically 
neutral pair of cations and anions from one solvent to another, 
if the corresponding single ion quantities are known.
In principle, the standard free energy change for the trans­
fer of only one charged species between two solvents needs to be 
established, whereupon the corresponding values for other ions
become calculable from the experimental results for electrolytes,
17—19 20—25Many papers and reviews have been published on the
various extrathermodynamic assumptions used for separating the
experimentally determined free energy of transfer for a pair of
ions into single ion terms. A brief summary of the more popular
methods are given below.
(a) Methods based on negligible liquid junction potentials (Ej)
26Parker and co-workers elaborated an idea of Bjerrum and
27
Larsson and developed a method of measurement on cells of the 
type (A):
Ag AgClO Et^NPic
(O.OIM) I (O.IM) !
Solvent
W
(Salt
AgClO^
(O.OIM)
Solvent
S
Ag
(A)
I Bridge) ,
where the bridge solvent can be either solvent W or solvent S 
or any solvent which would lead to the reduction of the voltage 
contributions of the liquid junctions between the electrode 
compartments. In such a cell, the junction potential (Ej) may 
be assumed to be negligible, so that AG° (Ag^ ) is then equal
— 6—
to the cell EMF multiplied by the Faraday constant. The basis
of the assumption is that the large ions of the bridge have
equal transference numbers and medium effects. Recently, Cox 
29and co-worker used an analogous cell:
M*
(B)
Ag AgClO^ 1 Et^NPic 1 MCIO^
(0 .0 1m) I (O.IM) 1 . (O.OIM)
Solvent ! (Salt 1 Solvent
w i Bridge) | S
. +to determine the values of AG^ of Li , Na and Ag ions between 
various dipolar aprotic solvents and their mixtures; M* denotes 
a metal ion-sensitive electrode.
(b) Treatments based on modification of the Born equation
The primary medium effect is considered to be composed of 
two contributions: the electrical part, f^ and the neutral
part, f^ ;f^ accounts for the Van der Waals interaction of the 
ion with the solvent, whereas f^ is the electrostatic contri­
bution to the primary medium effect. Born obtained an expres­
sion for ^f^ . as in equation (1 .1 1 ):
Nz.^e^
2RTr. ~ l/^w^ (1.11)
in which the ion is regarded as a sphere of charge z^ and 
radius r^ immersed in media of dielectric constants and 
N is the Avogadro number, e is the electronic charge, T is the 
temperature in degrees K, and R the gas constant. It follows 
that, for a single species,
AG° = RTln^fS
(1/ég - 1/èJ 
2r. "
(1.12)
This equation has provided useful estimations of the behaviour 
of ions in different media, though the solvents are regarded as
dielectric continuum with macroscopic dielectric constants.
Many modifications were developed in order to account for
7 30—32various other interactions ' such as dielectric satura­
tion, ion-dipole and ion-quadrupole interactions. Various
7 32 33extrapolation methods involving modified Born equations ' '
have also been suggested.
(c) Extrapolation methods
34Izmailov , the pioneer to use this method, assumed that 
all significant contributions of the solvation energy of anions 
are functions of r where r is the crystallographic radius of 
the anion and n could be 1 to 4 or 6 . For an infinitely large 
ion, the solvation energy is equal to zero. Values of 
(AG°^ _ - AG°+) against l/r^+ and (AG°+ + AG°_) against l/r^_ 
(where M'*’ = alkali cations and X“ = halide ions) were plotted 
to get AG°+ by extrapolation to 1/r = 0. Various groups of
workers, such as Feakins et ^  35,36^ Kundu et al^^, Alfenaar,
38 7de Ligny and Bax ^  al have modified and extended this pro--
cedure to other solvents.
(d) Assumption of neqlible medium effect
39
Pleskov first proposed a solvent-independent scale of
electrode potentials by assuming AG^(Rb^) = 0 for any pair of
solvents. This assumption Was based on the fact that Rb^ is
a large ion with a low charge density, being not very polari-
sable and having little tendency towards specific solvation.
Later on, Strehlow^^ introduced corrections based on change
40in dielectric constant of the solvent. Coetzee et ad 
who measured the polarographic half wave potentials for va­
rious cations in several solvents reviewed the usefulness of
41this method. Recently, Mussini and co-workers attempted to 
establish a normalised standard electrode potential series
-8-
in different solvents using an analogous assumption, AG°(Cs^)=0.t
(e) Assumption of equal medium effect for redox couples
31
Strehlow recommended two 0/+1 charge type redox couples, 
viz. ferrocene/ferricinium (foc/fic^) and cobaltocene/cobaltici- 
nium, which are expected to have solvent independent potentials 
as both pairs of complexes are large and have low surface charge-
densities which minimize specific interactions with solvents.
42 43
Nelson and Iwamoto and Kolthoff and Thomas used the redox
couple of +2/+3 charge type (substituted ferroin electrodes).
However, the validity of the ferrocene/ferricinium assumption
44 45 19was recently questioned by Parker and Alfenaar . Parker
proposed using the 1 3 /^3" couple due to its ease of application,
despite the differences in sizes of I2 and Ig" and the possibi-
25
lity of specific solvation. Gritzner recently employed the 
bisbiphenyl chromium (o)/ bisbiphenyl chromium (I) couple and 
obtained good agreement with other methods.
(f) Methods based on the equality of the transfer free enerqies 
of ions of a reference electrolyte
After Grunwald et al^^ proposed the use of this method,
extensive applications had been carried out by various groups
47 48 49 50of workers such as Popovych * , Parker et al_ ' , Kolthoff
and Chantooni^^'^^'^^ Abraham et al^^ to estimate single ion 
medium effects in various solvents. The basic principle of 
these methods is that, for an electrolyte composed of large 
symmetrical ions of similar size and structure, the total me­
dium effect can be apportioned equally between the cation and 
anion. Thus, ideally, each ion must be large and effectively 
spherical with the central charged atom completely shielded by 
the peripheral groups to minimize the surface charge density 
and specific interaction with the solvent. The more common
- 9-
of such 'reference electrolytes' are Ph^PBPh^^^, Ph^AsBPh^^^'^^'^^
17and (i-C^H^^)2 (C^Hg)NBPh^. The Ph^AsBPh^ assumption currently
22 23 53appears to be most popular and the best ' ' , in spite of
some objections^^'^^. A large number of experimental observa-
23 53tions lend strong support to the fundamental concept ‘ and
it is experimentally most convenient, yielding consistent re-
22 53suits with those of other assumptions . Recently, Kim
strongly recommended this method after a critical study involv­
ing both theoretical calculations and experimental determinations.
This assumption is to be employed in the discussion of 
single ion transfer in this thesis.
1.2.4 Estimation of the standard enthalpy of transfer for 
single ions
In principle, many methods available for the estimation 
of AG° for single ions, may be applied to AH°. However, in 
practice, only the method based on the equality of the stan­
dard enthalpy of transfer of reference electrolyte has been 
employed. As in the case of the AG° values, Ph^AsBPh^ is the 
most common reference electrolyte.
1.2.5 Estimation of the standard entropy of transfer for 
single ions
By the relation:
AG° = AH° - TAS° (1.13)
it is possible to evaluate AS° for single ions, if AG° and 
oAH^ are available through, for example, the Ph^AsBPh^ assump­
tion. There is, however, another independent method due to
56Latimar and Jolly and later on employed by Jakuszewski and 
Taniewska-Osinska^^ and Criss et al^^. In this procedure.
-10-
commonly referred to as the 'correspondence method', the abso­
lute third - law entropies of a series of electrolytes in water 
and another solvent are obtained through measurements of the 
standard entropies of solution of the electrolytes, (MX in 
solvent) = ^SgQin ^  (crystalline M X ) . A  number of workers^^ 
have assigned a value to the absolute partial molal entropy 
(S°) of the hydrogen ion in water, from which other absolute 
values for single ions in water may be deduced. Then in the 
correspondence method, single ion S values of ions in the se­
cond solvent are assigned to anions, and cations by trial-and-
*"0error until plots of single-ion S values in the second solvent 
against the (known) single-ion S° values in water yield a single 
straight line on which lie both anions and cations.
1.3 THERMODYNAMIC PARAMETERS FOR THE TRANSFER OF IONS FROM 
WATER TO VARIOUS ORGANIC SOLVENTS
Thermodynamics of transfer of electrolyte from water to 
aqueous organic solvents and pure organic solvents have recent­
ly been the subject of detailed studies. An extensive summary
59
was given recently by Cox in the Chemical Society Review. 
Numerous comprehensive papers have also been published on the
thermodynamic parameters (AG^ , AH° and AS°) for the transfer of
T  ^ , 18,22,49,60-65single ions from water to various organic solvents
based mainly on the Ph^AsBPh^ reference electrolyte assumption.
According to the interest of the present thesis, only certain
ions and organic solvents are included in the tables on the
following pages.
-11-
Table 1.1 Single ion free energies, enthalpies and entropies
of transfer from water to methanol.
(molar scale, at 298 K, Ph^AsBPh^ assumption)
Ions AG°(kcal mol )^ AH° (kcal mol )^ AS° (cal K  ^mol )^
(a) (b)
2.49 -3 .8 3 (c) -2 1 . 2
Li'*’ 0.85 -5.31 -20.7
Na"*" 2.05 -4.92 -23.4
K+ 2.35 -4.52 -23.0
Rb'*' 2.45 -3.71 -20.7
Cs"*" 2.30 -3.28 -18.7
Ag'*’ 1.80 -4.93(^ ) -2 2 . 6
Tl*^ 0.95 — —
1.17 -4 .5 0 (c) -19.0
Me^ N**" 1.70 0.28 - 4.8
Et^ N'*' 0.25 2.18 6.5
Pr^N* -2.05 3.82 19.7
BU4N+ -5.20 4.92 33.9
Ph4P -5.35 0.06 18.1
Ph^ As'*’ -5.56 -0.42 17.2
Cl" 3.15 2.01 - 3.8
Br“ 2.63 1.10 - 5.1
I" 1.60 -0.48 - 7.0
CIO4-
NOg-
1.46
3.00
-0.57
1.00(c)
- 6.8 
- 6.7
Pic“ -1.05 0.93(^ ) 6.6
BPh^" -5.56 -0.42 17.2
(a) from ref.61 (b) from ref 
Dr.M.H.Abraham (d) from ref.
.64
77
(c)personal 
(e) from ref.
communication from 
24 (f) this work.
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Table 1.2 Single ion free energies, enthalpies and entropies
of transfer from water to propylene carbonate,
(molar scale, at 298 K, Ph^AsBPh^ assumption)
Ions AqC(kcal mol ^ ) AH°(kcal mol ^ ) AsC(cal K ^  mol^
(a) (a)
1 1 .9 5 (b) - -
Li+ 5.51 0.73 -16.1
Na'*’ 3.21 -2.44 -19.0
K**" 1.31 -5.24 -22.0
Rb'*' 0.41 -5.87 -21.1
Cs’*’ -0.39 -6.40 -20.2
Ag'*’ 4.31 -2.30 -22.2
Tl'*’ 2.31 -
n h/ - -5 .1 1 (c) -
Me^N’*' -2.69 -3.89 -4.1
Et^N^ -3.09 0.17 10.9
-5.19 2.79 26.7
Bu^n’*’ -7.49 4.39 39.8
Ph4P’*' - -3 .2 2 (c) — .
Ph^ As**’ -8.49 -3.99 16.7
Cl" . 9.61 6.31 -11.1
Br" 7.11 3.24 -13.0
I" 3.41 -0.78 -14.1
CIO4- 0.21 -3.93 -13.9
BPh4" -8.49 -3.49 16.7
(a) from ref.62 (b) from ref.63 (c) from ref. 64
-13-
Tablé 1.3 Single ion free energies, enthalpies, and entropies
of transfer from water to dimethylsulphoxide
(molar scale, at 298 K, Ph^AsBPh^ assumption)
Ions AG°(kcal mol ^ ) AH°(kcal mol ^ ) AS°(cal K ^  mol ^ )
(a) (b)
H+ -4.64 - -
Li+ -3.59 - 6.31 - 9.1
Na"*" -3.20 - 6.62 -11.5
K+ -3.13 - 8.34 -17.5
Rb"^ -2.49 - 8 . 0 1 -18.5
Cs'*' -3.11 - 7.71 -15.4
Ag"*" -8.53 -12.92 -14.7
Tl"*" -5.11 - -
n h/ - - 9.81 -
Me^N^ -1 .3 0 (c) - 3.66 - 7.9
Et^N^ -3.0o(^) 1 . 0 1 13.4
- 4.02 -
- 6.06 -
Ph^P^ — - 2.23 -
Ph^As+ -8.94 - 2.84 20.5
Cl" 9.63 4.49 -17.2
Br" 6.57 0.83 -19.3
I" 2.51 - 3.05 -18.6
CIO4" 0 .9 0 (c) - 4.60 -18.4
BPh^" -8.94 - 2.84 20.5
(a) from ref.63 (b) from ref. 64 (c) from ref. 60 (d) from réf.49
-14-
Table 1.4 Single ion free energies, enthalpies and entropies
of transfer from water to N,N-dimethylformamide, ‘
(molar scale, at 298 K, Ph^AsBPh^ assumption)
Ions AG°(kcal molU AH°(kcal mol AS°(cal K ^  mol
(a) (b)
H+ -4.30 - -
Li+ -2.39 -7.71 -17.8
Na^ -2.29 -7.89 -18.8
K+ -2.44 -9.44 -23.5
Rb"^ -2.32 -9.03 -22.5
CS+ -2.58 -8.50 -19.9
Ag+ -5.02 -9 .2 0 (c) -14.0
Tl* -2.75 - -
Me^N+ -1.3o(^) -4.14 - 9.5
Et^N+ -1 .8 l(^ ) -0.23 5.3
Pr4N+ -4.12^^^ 2 . 2 0 2 1 . 2
BU4N+ -6.80^^) 3.58 34.8
Ph^P^ -9.1o(^) -4.25 16.3
Ph^AS* -9.13 -4.69 14.9
Gl" 11.62 5.06 -2 2 . 0
Br" 8.70 0.98 -25.9
I" 4.95 -2.94 -26.5
CIO4- 1 .1 0 ^^ ^ -5.40 -2 1 . 8
Pic“ -1.67 - -
BPh^- -9.13 -4.69 14.9
(a) from ref.63 (b) from ref.60 (c) from ref.49
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Table 1.5 Single ion free energies, enthalpies and entropies
of transfer from water to acetonitrile,
(a)(molar scale, at 298 K, Ph^AsBPh^ assumption)
Ions AG° (Kcal mol ^) AH°(kcal mol ^ AS° (cal K ^  mol h
1 1 . 0 — —
Li+ 6.5 0.15 -21.3
Na*^ 3.3 - 3.26 -2 2 . 0
K+ 1.9 - 5.40 -24.5
Rb+ 1.5 - 5.95 -25.0
Cs^ 1 . 2 - 6 . 0 0 -24.1
Ag+ - 5.4 -12.65 -24.3
T1+ 2 . 2 - -
Me^N+ - 0.4 - 3.50 -10.4
Et^N^ - 1 . 8 - 0 . 1 2 5.6
- 4.1 2.55 22.3
BU4N+ - 5.9 4.20 33.9
Ph^As+ - 7.8 - 2.42 18.0
Cl" 1 0 . 1 4.68 -18.2
Br" 7.5 1.84 -19.0
I" 4.1 - 1.96 -20.3
CIO4" 1 . 1 - 4.19 -17.7
Pic" - 0.4 - -
BPh^" — 7.8 - 2.42 18.0
(a) personal communication from Dr.M.H.Abraham (results compiled 
from various references: AG° from ref.18,60,63; from
49,60,78)
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Table 1.6 Single ion free energies, enthalpies and entropies
of transfer from water to 1,2-dichloroethane,
(molar scale, at 298 K, Ph^AsBPh^ assumption)
Ions
(kcal mol ^ ) (kcal mol*^ )
AS°
— 1 — 1 
(cal K mol )
(a) (b) (b)
Na"^ 5.90 -6 . 0 0 -40
K+ 6 . 1 0 -6.70 -43
Rb+ 5.90 -6.60 -42
Cs"*" 5.70 -6.50 -41
Me^N^ 3.68 -3.80 -25
1 . 1 2 -2.40 - 1 2
Pr^N^ - 2 . 1 0 -0.30 6
BU4N+ - 4.20 2.15 21
Ph^P* - 7.80 -
Ph^As^ - 7.80 -5.40 8
Cl" 12.80 3.90 -30
Br” 9.40 0 . 2 0 -31
I” 6 . 0 2 -3.70 -33
CIO4 - 4.05 -5.80 -33
BPh^- - 7.80 -5.40 8
(a) from ref.65 (b) from ref.66
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1.4 DISTRIBUTION OF IONS
The distribution of ions between aqueous solution and 
organic solvents has been investigated by numerous workers,
notably, Gustavii and Schill^^'^^, Czapkiewicz et
7X V2 73 7476Modin et , Rais and Abraham ^  ^  . Several reviews
indicate the importance of this topic.
For a simple electrolyte (M^  + A"), the distribution
process can often be represented as in figure 1 . 1 where the
subscript 'o' refers to the organic phase:
+ A"
P*
K.D
m '^a  ^ + Ao o o
Fig.1.1
P is the partition coefficient (or distribution constant) of
the pair of ions, P* the partition coefficient for extraction
\
of the ion-pair, and is the ion-pair dissociation constant
in the organic phase. Denoting the mean activity coefficient 
of the ionic species in aqueous and organic phase by f^^
^ + 2 respectively.
P = %  )/{V V)
= (a-)o
since = (a and j , therefore
, 2 2 , 2 2
P = ((& ) f+i) (1.14)
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Also A^ ) / MAq
and taking the activity coefficient of MA to be unity,
o
Ko = (a")o f±2 > / < H o )
= ( M o  f+,>/(Ho> (1-15)
2
P* = ( [m a)^)/((m ‘^] (A')f^ ) (1.16)
It can be seen that
P* = P/K^ (1.17)
T
If the total anion concentration in the system = [a J , then
(a )^ = M  + H o - ^ M o
By substitution for M^A^  ^  and (a ~]^ from previous expressions
(a j ^  = M  + M  o ^ 2  / + ( 4  f±l / f± 2
(a = (4 + (4 ^ 4 p / Kp + (4
(a) ’^ = (a-)^ P / Kg + (a-) (1 + P^ / f+2 >
(1.18)
Let the observed distribution ratio be P^^^:
= (^Aj^ - (a"))/((a "]) (1.19)
By substituting <1.17) into (1.18) and rearranging.
= (4 / "d + P'" f±l / ^±2 (1-20)
The expression (1.20) is a well known one, used universal­
ly for the analysis of the distribution of simple electrolyte. 
However, the activity coefficient in the aqueous, phase (f^ )^ is 
often assumed to be unity and the ratio f^gis also often
-19-
taken to be unity as it tends to be so at the intercept of 
the plot of against (A~j, where 0 .
-20-
CHAPTER 2
THE CHEMISTRY OF NEUTRAL MACROCYCLIC COMPLEXING. AGENTS
2.1 GENERAL COMMENTS
2.1.1 Historical background
Macrocyclic chemistry has undergone phenomenal growth 
only during the last 15 years/ although coordination compounds 
containing macrocyclic ligands, have been known and studied 
since the beginning of this century. Complexes of porphyrins 
and corrins have been investigated due to their relation to 
important naturally occuring compounds containing macrocycles 
such as haeme, cytochrome or chlorophyll, whereas phthalocya-
nines have been studied because of their potential as dyes
n .  ^ 79,80and pigments
The synthesis of 1,4,8 ,11-tetraazacyclotetradecane was -
81 82 first reported in 1936 . Luttringham and Ziegler also
reported the synthesis of cyclic polyethers containing four
or more oxygen atoms in the macrocycle in 1937. During the
831950's, Linstead, Elvidge and co-workers published a series 
of papers on the syntheses of a variety of macrocyclic com­
pounds, some of which are potential tri- and tetradentate 
ligands and are related to porphyrins and phthalocyanines.
In the early 1960's, several groups of workers synthesized
a variety of coordination compounds, containing macrycyclic
84ligands. For instance, Curtis reported the reaction bet­
ween triethylenediaminenickel(II) perchlorate and acetone 
85and later found that it was a cyclic tetradentate complex 
with four nitrogen donor atoms interacting with the central 
nickel atom.
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86At about the same time, Thompson and Busch achieved 
the first deliberate synthesis of a cyclic complex containing 
two nitrogen and two sulphur donor atoms which interact with 
a central nickel atom. A review article covering the synthe­
ses of these new synthetic macrocyclic complexes was published 
in 1964®'^ .
88Moore and Pressman in 1964 discovered that the antibio­
tic valinomycin exhibits alkali cation specificity in rat liver
mitochondria and two years later the cause of such specificity 
89was recognized to be due to selective complex formation be­
tween the ligand and the cations. This discovery initiated a 
vast amount of research into neutral antibiotics, such as the 
depsipeptide antibiotics: valinomycin , beauvericin ,
enniatin A, enniatin B, and the macrotetrolide antibiotics: 
nonactin, monactin, dinactin, trinactin and tetranactin.
The study of the chemistry of neutral macrocyclic com-
90pounds was stimulated when Pedersen in 1967 reported the 
syntheses and complexing properties of a number of cyclic 
polyether or 'crown ether' compounds with a variety of ring 
sizes, a number of ether oxygen atoms, and substituent groups. 
The ability of these crown compounds to strongly and selective­
ly coordinate alkali and alkali earth metal ions resulted in 
a broadening of macrocyclic chemistry to include the investi­
gation of such metal cations not previously studied. Many 
aspects of crown ether chemistry have been reviewed^^”^^^. 
Neutral macroheterobicyclic ligands (e.g.cryptands) which are 
capable of accomodating a metal ion of suitable size to form
an inclusion complex were synthesized and reported by Lehn and 
1 0 2co-workers in 1969. Numerous reviews mainly by Lehn, deal­
ing with different aspects of cryptand chemistry have been
-22-
published^^^"^^^. Since then many monocyclic, bicyclic and 
tricyclic neutral complexing agents with varying ring sizes, 
containing different heteroatoms such as oxygen, nitrogen and 
sulphur, and with varying substituent groups in the ring sys­
tem have been prepared and studied. Most of these investiga­
tions have so far concentrated on the syntheses, characteri­
sation and reaction of these macrocycles with metal ions.
Many general reviews dealing with different aspects of macro- 
cyclic chemistry have been published^^'^^^'^^^'^^^.
The present thesis is confined to the study of some cyclic 
polyethers (crown ethers) and polyoxamacrobicyclic diamines 
(bicyclic cryptands).
2.1.2 Nomenclature
The conventional lUPAC rules for naming these macrocycles 
result in the assignment of unequivocal, but extremely compli­
cated systematic names. Therefore, various pioneer workers
have named these macrocycles by arbitary abbreviations. In 
1121968, Curtis introduced a systematic abbreviation scheme
113based on the ring size and degree of unsaturation. Busch
modified and extended the scheme of Curtis and recently 
114Melson proposed a set of rules for the systematic deriva­
tion of an abbreviation of a macrocycle based on extensions 
of Busch's modified scheme.
As far as macrocyclic polyethers are concerned, Pedersen's 
descriptive trivial naming method is still commonly employed.
He proposed that the macrocyclic polyether be called 'crown' 
and identified by (a) the number and kind of substituent groups 
on the ring, (b) the total number of atoms in the ring, (c) the 
class name —  crown and (d) the number of oxygen atoms in the
90
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poly ether ring. The placement of the hydrocarbon rings and 
the oxygen atoms are symmetrical in most cases, the exceptions 
are indicated by the term 'asym'. The presence of other hetero 
atom, such as nitrogen or sulphur is indicated by the prefix 
aza or thia respectively, followed by a number indicating their 
position in the ring (refer to Table 2.1 for examples).
Trivial names, based on the number of cycles and the num­
ber and distribution of hetero atoms on each hydrocarbon strand, 
have been derived for polyoxamacrobicyclic diamines (cryptands). 
For example, compound A is described as a (sj- cryptand:
Compound A
where ^2j indicates a bicyclic compound. It is given the 
trivial name cryptand 2 2 1 or simply 2 2 1 , the numbers relating 
to the numbers of oxygen atoms on each strand of the bicyclic 
ligand (refer to Table 2.2 for examples).
2.1.3 Some uses of crown ethers and cryptands
Structural variation by deliberate tailoring enables the 
characteristics of the compound to be changed, thus, altering 
their properties. By varying the size of the cavity, selecti­
vity of cations may be accomplished. In the same way, tagging 
hydrophobic groups to the side of the ring increases the hydro- 
phobicity, this in turn could facilitate its extraction into a 
non-polar phase. A complexed cation can be protected from sol­
vation by the hydrophobic exterior of the macrocycle, hence very 
reactive naked cation as well as the activated co-anion may be
-24-
Table 2.1 Structure/name and abbreviation of some crown ethers 
Structure Systematic name trivial name abbreviation
.0^ 0.
1/4/7/10-tetra- 12-crown-4 12C4 
oxacyclododecane
°v_y
1,4,7,10,13-
pentaoxacyclo-
pentadecane
15-crown-5 15C5
o o'
1,4,7,10,13,16-
hexaoxacyclo-
octadecane
18-crown-6 18C6
o
2,5,8,15,18,21-
hexaoxatricyclo-
(20.4.0.o9'14j_
hexacosane
dicyclhexyl
18-crown-6
DC18C6
2,3,11,12-di- 
benzo-1,4,7,10,13- 
16-hexaoxacyclo- 
octadeca-2 ,1 1- 
diene
dibenzo-
18-crown-6
DB18C6
-25-
Table 2.2 Structure, name and abbreviation of some cryptands
Structure Trivial Name Abbreviation
m=0 , n=l Cryptand 211 211
m=l , n=0 Cryptand 221 221
m=n=l Cryptand 222 222
m=l , n=2 Cryptand 322 322
m=l , n=0 replaced Cryptand 22Cg
by CH^ in the third
bridge
22Cg
- 26.
available for reaction. Chiral specific groups may be added 
to the side of ring to effect chiral specificity for host- 
guest recognition. At the same time, rapid complex formation 
and dissociation in solution renders feasibility of their uses 
in many processes in solution.
The various uses of crown ethers and cryptands may be 
broadly classified into the following interrelated areas:
(a) As biological carrier models
Crown ethers and cryptands have been used as models for 
the study of biological 'carrier molecules', which have 
selectivity for particular ions and are able to carry them 
across the biological membrane. and
reviews^^^'^^^ have been written dealing with this subject.
(b) As phase transfer catalysts and aids to syntheses
As an alternative to the use of quaternary ammonium,
phosphonium and arsonium compounds, crown ethers and cryptands 
are being used as the phase transfer catalysts, which enable 
a cation together with the activated anion to be transferred 
from an aqueous phase into an organic phase where the co-anion 
would react with a reactant. For example, solubilisation of 
potassium permanganate with 18-crown-6 in CHgClg has been 
observed to transform substituted catechols to o-quinones in 
1 0 0 % yield.
H KMnO. + 18C6
CHgClg at 298 K (2.1)
Various papers^^^ have dealt with this subject in detail
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(c) As an aid to elucidate reaction mechanisms
Crown ethers, as well as cryptands have increasingly
120been used to elucidate reaction mechanisms especially in
clarifying the controversial role of ion pairs in organic
124reaction mechanisms . For instance, it was known that
many p-elimination reactions, particularly in cyclic systems,
may proceed by syn- rather than anti- elimination and it has
been claimed that the occurrence of syn- stereochemistry is
largely a function of the tendency of the base to form ion
pairs. The dependence was, however, previously attributed to
steric constraints or base strength, and crown ethers have, been
125126employed to resolve the controversy ' .
(d) As extracting agents
The high stability of these crown and cryptand compounds 
coupled with their selective complexation with cations and hydro- 
phobic exterior have made them very attractive as specific ex­
tracting agents. Despite the high cost of producing them, an
increasing amount of research has been conducted into their use
0. • a. 127-130 _ .as extracting agents for various cations and even aro-
131matic hydrocarbons . The use of crown ethers in extracting 
alkali metal ions will be discussed further in chapter 3.
(e) As an aid to metal analyses
One of the most prolific areas of research into these 
macrocyclic compounds has been the application to chemical 
analyses. For example, the cations Na^ and have been 
successfully determined by potentiometric titration (cation 
selective glass electrode) in aqueous medium, using cryptand 
221 for Na^ and 222 for K^. Separation and analyses of various 
cations have been accomplished by extraction chromatography 
using resins anchored with macrocyclic compounds. Furthermore, 
use of chiral specific macrocycles may effect resolution of
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racemic mixtures. Various reviews^^^'^^^'^^^ may be consulted 
for details.
(f) Miscellaneous applications
Various other uses of these macrocycles have been proposed
135or reported. For example, Lejaille et al_ proposed the use 
of an Ag(s)/Ag*^ cryptate system as a potential reference for 
the evaluation of transfer activity coefficients of ion solva­
tion. (However, Abraham et al^^^ showed that this was not feasi­
ble) . Cryptâtes have been used as a catalyst in anionic poly-
137merisation of styrene . Cryptand 222 has been included in
138drilling muds to avoid clogging by deposits of mineral salts 
Crown ethers, such as 18-crown-6, benzo-15-crown-5 are recommend­
ed for molecular fixation of certain toxic chemicals. The crown
inclusions are easy to handle, have low vapour pressure, and no
139noticeable smell . A non-aqueous 'electrolyte' consisting of
an organic alkali-metal or alkali earth metal salt and a neutral
macrocycle, such as crown ether has been proposed for use in
batteries^^^'^^^. A photogalvanic cell has been described as
containing Rb~ and Rb^ complex with 18-crown-6^^^. Dyes based
on benzo-15-crown-5, benzo-18-crown-6, dibenzo-18-crown-6 and
diaza-18-crown-6 have been synthesized in order to develop
photometric reagents which are highly selective to alkali and
alkali earth metals. It has been proposed that crown ethers
may be used in the clinical determination of potassium in blood 
144serum . Recently, research has been carried out to design
various drugs containing crown ether, for removing excess metals 
145from the body
-29-
2.1.4 The syntheses of crown ethers and cryptands
90 102Since Pedersen's , Lehn and co-workers' report on
the syntheses of crown ethers and cryptands, many new syntheses
of these compounds have been accomplished either through the
original methods or by newly discovered routes. The principle
and strategy for designing such complexing agents were discussed
by Lehn^^^. Other reviews^^'^^'^^^'^^^ may be consulted for
details of synthetic methods. Preparations of crystalline
macrocycle-cation complexes have also been reported^^'^^^.
2.2 STOICHIOMETRY OF COMPLEXATION AND STRUCTURAL ASPECTS
2.2.1 Crown ether complexes
Although the precise structure of crown ethers cannot be 
determined in solution, some of their crystal structures have
been elucidated. For instance, the crystal structure of 18-
148crown- 6 has been determined by Dunitz and co-workers It
was found that the free OCHgCHgO subunits are slightly different 
The mean C-C and C-0 distances are both short compared to 
gaseous 1,4-dioxane (1.507 vs. 1.523 and 1.411 vs. 1.423 A 
respectively).
07
104
o i
Fig.2.1
18-crown-6 molecule viewed
along a direction in the 
148mean plane
Fig.2.2
18-crown-6 molecule viewed
in the direction normal to
its mean plane, showing 
148atom numbering
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In solution, all crown ethers exhibit a certain degree of 
flexibility, and on complexing with a cation, they undergo con­
formational changes. The stoichiometry of the complex formed 
may vary from (M=cation, L=ligand) to M^Lg, MgL^, MgLg and
even perhaps MgL^, depending on the experimental conditions 
(molar ratio of M:L and to a lesser extent the nature of medium) , 
relative sizes of cation and the cavity of ligand, charge density 
of cation and the nature of the anion involved. There is definite 
evidence of the formation of and solution, howeverÎ
crystalline complexes (often solvated) of all stoichiometry 
mentioned above (M^Lg doubtful) have been prepared and studied. 
Some crystal structures of complexes are shown in
Fig.2.3 and 2.4.
Fig.2.3
The crystal structure of 
(Rb^DBlSCôjsCN"
(from ref.156)
Fig.2.4
Three-dimensional crown 
complex: ^K^30Cloj I
(from ref.170)
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Table 2.3 Some crown complexes whose crystalline structures 
have been reported.
Complex * Reference
18C6
(Na‘^18C6] SCN'.H^O 
(k '^ 18C6] SCN"
(Rb'^ 18C6l SCN” (dimeric)
[cs'^ 18C6j SCN" (dimeric)
K^^ 18Cô] tosylate" 
fK^ 18C6j (ethyl acetate enolate) 
(nh^'^18C^ Br".2H2 0  
fRb+18C6] NCS"
(uOg^lBC^ (N0 ^")2 .2H2 0
DC18C6 (isomer A/B) 
fNa^DCl8C&| Br“.2H2 0  
(Ba'^ DClBce) (SCN") 2
(Rb+DB18C^| SCN"
(Na^DBlSC^ Br".2H2 0
(Mg2+1 2C^ Cl2 ".6H2 0  
(Na’^ (12C4)2] Cl".5H20
[Na+■( 12C4)2 ]^ OH". 8H2O
(Na'^ BlSCs) I".H2Ü 
[k‘’'(B15C5)2) I"
(Na'^ DB24C8) l"
(K^ DB24Cs](SCN)g"
(Na2DB24C8](o-nitrophenolate”) ^
(Na+DB30C10) l" or NCS" 
j^ Li+DB 3 OCl 0] (NCSj2 "
(k+DB30C10) I"
148
149
150
151
152
153
154
155
156
157
158
159
160
156, 161
162
163
164
165
166
167
172
168, 169
173
172
174
170
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It has been generally believed that complexation of a 
cation with a crown ether and the stoichiometry of the result­
ing metal-crown complex are determined basically by the fit of 
the cation in the cavity of the ligand (refer Table 2.4 for the 
sizes of ions and ligands).
Table 2.4 Sizes of some ions and macrocycles
Ion Diameter^^ 
(in 2 )
Surface
charge
density
Polar! zability Ligand Cavity 
diameter 
(CPK model) 
( in 2 )
Li + 1.56 0.13 0.03 12C4 1 . 2 0
Na"^ 1.96 0.085 0.3 B15C5 1.70
2 . 6 6 0.045 1. 1 18C6 2.60
Rb"^ 2.98 0.035 1.9 21C7 3.40
CS + 3.30 0.03 2.9
Ag"*" 2.26 0.06 2.25 2 1 1 1.60
Tl"^ 2.98 ■ 0.035 4.3 2 2 1 2 . 2 0
NH4 + 2.84 - - 2 2 2 2.80
322 3.60
1.56 0.26 0 . 2 332 4.20
Ca^^ 2 . 1 2 0.14 0.9 333 4.80
Sr2+ 2.54 0 . 1 0 1.28
Ba^+ 2 . 8 6 0.08 2.5
(a) From page 52, ref.200, Goldschmidt's sizes are used since 
they compare well with Shannon's ionic sizes in crown ether 
complexes, page 52, ref.80.
(b) From page 9, ref.103
(c) Corey- Pauling-Kolton model, sizes of crown ethers from 
ref.90, those of cryptands from ref.204.
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If the ratio of cation size/ligand cavity equals unity or 
slight less than one, complexes are postulated-^to be
formed in solution as well as in the solid state. In such 
a complex, the ring oxygens of the ligand arrange equatorial- 
ly around the cation, which remains exposed on the axial 
sides to the anion or solvent molecules as shown in figure
2.5 (i) . The cavity size of 18-crown-6 and its substituted
Q
o
(i)
0
A
V
A
V
(Ü) (iii)
A A A
V
(v)
\J
(vi)
y
0 O
O 0
(ivl
A , A
y
••
b
(vii)
y
Fig.2.5 Schematic representation of different M-crown complexes 
A loop stands for a crown ether, a solid dot for M, 
an open circle for an anion, and crossed circle for
a solvent (water) molecule.
analogues (diameter'^ 2.7 %) is most suited for a complex
with (ionic diameter = 2 .6 6%), but these crowns produce
complexes with cations of other sizes too. For example,
a 1 : 1 stoichiometry in the systems ^Na^DB18C^ , [k^DB18C6] ,
^Na^DCl8C6] , k^"*’dC18C6] , ^Rb^DC18C6] has been reported in
171solution . It is generally assumed that if 1:1 stoichiome­
try exists in the solid state for a particular system, the same 
stoichiometry would probably exist in solution, although the 
reverse need not be true.
When the M size/cavity size ratio is less than one,
complexes may still be obtained, although the cation usually
distorts the crown to suit its ionic size, as in the 
( + 'I 149I^Na 18C6J complex. In more extreme cases, the ligand tends
to fold around the cation. Two types of folding of ligand 
are possible: (a) regular folding as depicted in fig.2 .5 (ii)
e.g. [k'’dB30C10] and (b) twisted folding as in fig. 2.5 (iii)
e.g. ^Na^DB24C8j^^^ . Alternatively, bimetallic complexes are 
produced (fig.2 .5(iv)) in which two cations are complexed in
the unfold cavity of the ligand, as shown by x-ray analysis of
/ + ' N _168,169
(DB24C8)j (NCS)^  .
If M size/cavity size is greater than one, sandwich
(fig.2 .5(v)) or club sandwich (fig.2 .5(vi)) may be formed.
+ +complexes are formed by, for example, B15C5 with K , Rb
and Cs^ in solution^^^ and in solid^^^'^^^'^^^; DB18C6 with
+ 176 +175 171
Rb and Cs in solid as well as in solution ; DC18C6
+ 177
with Cs in solution . club sandwiches are thought to
be formed by DB18C6 with Rb^ and DB18C6, DC18C6, B18C6 with 
Cs+176^  However, the analysis of j^ Rb^  (DB18C6) ^ (^NCS”) 
showed that its actual stoichiometry is M^L^, where the addi­
tional ligand is loose in the lattice. Hence, the existence 
of ^^ 2 ^ 3 ^ceds further confirmation in other system.
Dimeric complexes (M^L^ ) 2 have been reported, refer Table
2.3. There are usually formed by the thiocyanates of layer
+ + +M ions (Rb and Cs ) with 18C6 in the crystal lattice. The
—  168 pronounced tendency of NCS for ion pairing and bridging
with the cation seems to deter ligation of the second molecule
of ligand with M^.
There are, however, many complexes whose stoichiometry
cannot be explained by the ion-cavity size concept. Poonia,
110in his review , pointed out other factors which govern the
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interaction and stoichiometry of the complexation: (a) charge
density of the cation (b) the charge separation of the cation
and anion, and (c) the conformational energy of the ligand.
As far as complexation of a monovalent cation with 18-
crown- 6 is concerned, M^L^, stoichiometry has always been
observed in a q u e o u s a n d  organic^^^'^^^'^^^ solutions,
even in presence of excess of ligand, except for Cs^. Cs^
forms M^L2 complexes with 18C6, in the presence of excess of
184ligand in various organic solvents such as pyridine, pro­
pylene carbonate, acetone, dimethylformamide , dimethylsul-
phoxide and acetonitrile. In any case the complexation cons- 
+ ^ 2 +tant K2 (M L + L  ^ M L2 ), is usually less than 10, whereas
is always more than 10^. Rb^ and Cs^(Pic") are also known
185to form M^L2 complexes in benzene , when excess of ligand is 
present. DB18C6 was assumed to form only complexes with
Li^, Na^, K^, Rb"*", Cs^ in nitrobenzene-toluene mixtures^^^.
2.2.2 Cryptâtes
Polyoxamacrobicyclic diamines (bicyclic cryptands) have 
spheroidal three dimensional cavities. In principle, a cryp­
tand may exist in three different configurations as depicted 
in figure 2 .6 .
^ 0 - 0 ^  f
8^ - 3
(i)exo-exo (ii)exo-endo (iii)endo-endo
Fig.2.6 Possible configurations of a cryptand.
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1Indeed, an HMR study of cryptands in solution by Simmons and 
X 8 7 ■Park has shown that these three configurations exist. In 
the exo-exo form, the lone pair electrons on nitrogen atoms 
are directed away from the centre cavity, whereas in the endo- 
endo form, the lone pairs of electrons are inside the cavity. 
The structure of the crystalline cryptand 222 has been shown 
to be that of the endo-endo configuration by x-ray crystallo­
graphy^^^.
Table 2.5 Some cryptands and cryptate complexes whose 
crystalline structures have been reported.
Complex Reference
2 2 2 188
2 2 2 188
(Li‘^21l) I" 189
(Na'^ 222] I" 190
22 2] I" 191
(Rb+2 2 2^SCN".H2 0 192
(cs'*‘2 2 2) SCN".H2 0 191
(Tl‘^2 2 2j'HC0 0 ".H20 193
(Ba^ "^ 2 2 2] SCN2 " .H2O 194
[ca^ *^ 2 2 2j Br2“.3H20 195
[Ba^ '^ 322] SCN2" .H2O 196
(Na'^ 222) Na“ 197
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Fig. 2. 7 Structure of a 222 cryptate (inclusion type).
When a cryptand complexes with a cation, a cryptate is
formed. Unlike crown ethers, cryptands generally form only
complexes, where the cation sits in the centre of the
cryptand. Of course, there are exceptions when the cryptand
is very large and the cation very small, then two cations may
104complex in the cage to form the cryptate In any case.
there are no sandwich, / or club sandwich, ^ 2^ 3 ' stoichio­
metries in cryptâtes, due to the peculiar structure of the 
cryptand.
There is usually little change in the overall configura­
tion of the ligand after complexation. For instance, |^ M^ 222j , 
where m "*" = Li^,Na^, K ,^ Rb'*', Co'*’, Tl^ have all been found to 
be in the endo-endo form, although the ligand itself shows 
considerable flexibility in order to accomodate the different 
sizes of the cations. The size of cryptand 222 cavity is close 
to that of and Rb'*'. Complexation with Cs'*' requires slight
conformational changes of cryptand 2 2 2 to adapt a bigger cation,
80The following variation in bond lengths are observed for 
222, K^222, Rb^222, Cs^222: N-N distances —  6.87, 5.75,
6.00, 6.70 0(4)-0(16) distances (for atoms on different
chain)—  4.99, 4.26, 4.44 and 4.50 2 respectively. The crys­
tal structure of Tl'*’222 HCOO” was found to be similar to
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that of the. K**” or Rb'*' c o m p l e x e s a l t h o u g h  the Tl^N distance
+is shorter than the respective sum of the ionic radius of T1 
and the van-der-Waals radius of N (2.95 vs. 3.022), this is 
attributed to a slight covalent character of the Tl^-N bond.
With very small cryptands, such as cryptand 111, only 
+ 198 + 198
Li and H can form cryptate with it. Hence, when a
cation is far too large for the ligand cavity, no cryptate is 
formed at all. On the other hand, complexation between a cryp­
tand and a cation outside the cryptand cavity —  formation of
132an 'exclusive cryptate' has also been reported
199Dye and co-workers discovered that cryptands (and crown 
ethers) can oxidize metal atoms in alkylamines, tetrahydrofuran 
and benzenes to produce (M^ L) and the solvated electron. This 
could occurs because total nucleophilicity of the donor system 
of the multidentate ligand exceeds that of the electron. The 
solvated electron, usually in a low donicity solvent, is re­
ceived by another M atom to form M anion. Crystalline 
^M^222)M where (M = Na,K, Rb, Cs) have been isolated, although 
only ^Na 2^22j Na” has been characterised. ^Na^222j e” has also 
been isolated. However, the ^Na^l8C6jNa~ species is stable 
only in solution, or in presence of the vapour of the solvent 
(methylamine).
2.3 THERMODYNAMICS OF COMPLEX FORMATION BETWEEN CATIONS 
AND NEUTRAL MACROCYCLIC LIGANDS
2.3.1 General considerations
It is well known that an enhanced stability is observed 
in a complex system containing chelate rings as compared to 
the stability of a similar system which has none or fewer 
rings. This 'chelate effect' is usually thought to be of
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entropy origin, although the enthalpy may contribute as well^^^.
Similarly, when the complexing constant of a cation with
a cyclic ligand is compared to that of an open-chain ligand
of similar structure, the former shows a very large enhancement
201of stability. Cabbiness and Margerum called it a 'macrocyclic 
effect'. The examples cited in Table 2.6 will serve to demon­
strate this. In all cases, values of the stability constant, K, 
refer to equilibria such as:
M^(soln) + L (soln) M^L(soln)
with concentration expressed on the molar scale.
Although there is agreement on the existence of the macro- 
cyclic effect, it must be said that the exact thermodynamic 
origin of the effect still remains unclear.
An extension of the macrocyclic effect had been observed 
by Lehn and Sauvage^^^ for the cryptate complexes. They des­
cribed the enhancement of complex stability by addition of 
another connecting bridge onto the macrocyclic ring to form 
macrobicyclic cryptands. The increases in complex stability 
over monocyclic crown ethers are very large. This 'macrobi­
cyclic cryptate effect' or 'cryptate effect' is well illustrated 
in Table 2.7.
Similar to the macrocyclic effect, the specific thermody­
namic origin of the cryptate effect is still a matter of con­
troversy, although in many cases, the cryptate effect has been 
shown to be mainly due to the enthalpy term^^^'^^^.
Macrocyclic ligands not only form more stable complexes 
with cations than their noncyclic counterparts but they also 
exhibit selectivity for certain cations. The parameters which 
determine the cation selectivity and complex stability of a
- 40-
Table 2.6 Thermodynamics of formation of metal complexes 
of cyclic and noncyclic polyethers at 298 K in 
methanol/water(99/1 wt.%)
Liaand Cation Log K Air 
(kcal mol"^ )
TAS^ 
(kcal mol
OH
OH
K
Ba+
2.05
3.96
■6.37
•6.71
■3.57
■1.31
,o OCH
OCH;
Na
Ba
+ (b)
2+
1.00
2.27
2.51
■9.14
•8.16
•5.64
•7.70
•5.06
•2.22
Na
K+
Ba2+
4.33
6.05
7.00
-  8.11 
-13.21 
-10.38
- 2.20
-4.96
-0.83
(a) from ref. 2 0 2
(b) result from ref.203
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Table 2.7 Complexation constants of several metal cations 
with macrocyclic ligands and a macrobicyclic 
ligand of similar structure at 298 K in 
methanol/water (95/5 v.%)^^^.
Ligand
Log K with cation
Na+ K+ Ca2+
CH
3.26 4.38 4.40
OCH,
O
N
O O'
CH,
3.35 4.80
O P
7.21 9.75 7.60
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macrocycle have been the subject of many 
A brief outline of various parameters follows.
The relative sizes of the cation and ligand cavity is the
most important factor especially in small ligands, such as
18C6, 21C7 and their substituted derivatives. The cation best
fitting into the cavity usually exhibits the highest stability
constant. This is certainly true for all macrobicyclic cryptands
For small crown ethers, such as 15C5 and large ones, such as
24C8, there is limited selectivity. The ion-ligand-size
parameter becomes less important in these ligands. For two
ligands of the same cavity size, the number of binding sites
(donor atoms) will certainly greatly affect the stability of
the complex formed. Obviously, the more binding sites give
rise to higher stability, e.g. cryptand 222 produces complexes
of far greater stability than cryptand 22Cg. Similarly, the
types of donor atoms in the macrocycle severely influence the
stability of the complex formed. It is well established that
substitution of nitrogen or sulphur for an ether oxygen in a
crown ether ring reduces the affinity of the ligand for the
alkali and alkaline earth metal cations, while producing an
insignigicant change or even an enhancement of the stability
+with post - transition metal-ions of similar sizes, e.g. Ag .
Even more dramatic results are obtained when sulphur atoms are
+substituted for the ethereal oxygen: stabilities of Ag and
Hg^^ are enhanced, whereas those of Tl^ and Pb^^ are reduced. 
Inclusion of aromatic or alkyl or cy cl oh exyl groups in the 
ligand produces not only an electronic effect, but also steric 
and conformational effects. Usually a substitution of an 
aromatic group alters the binding property more than with alkyl 
groups. Because of its electron withdrawing ability
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(from ethereal oxygen) and higher rigidity/ less stable 
complexes result. The charge density of the cation is obvious­
ly another important factor/ since the interaction between 
the cation and donor atoms in the ligand is primarily of 
electrostatic nature. The effect of the counter anion is not 
important, especially when a self stabilised anion is used, 
or in dilute solution and in medium where separation of cation 
and anion are favoured. The nature of the solvent certainly 
contributes much to the stability and selectivity character, 
by virtue of its interaction with the cation and ligand, and 
also through the dielectric medium for complexation.
2.3.2 Thermodynamic studies of complexes in solution: 
Experimental techniques
In order to study the thermodynamics governing the com­
plexation reactions, it is not only desirable to determine 
the stability constant (i.e. AG° for complexation) but also 
to measure the enthalpic and entropie contributions. The 
most accurate method for determining these thermodynamic 
parameters is to measure the AH° term calorimetrically, and
then to combine this with an independent measurement of AG° 
oto obtain AS^ , by using the relation:
AG° = AH° - TAS° (2.2)c c c
Another common method is to study the variation of log 
with temperature and from a Van't Hoff plot, to evaluate 
AH°. Although this is a straight forward method it is less 
precise and it can be subject to serious errors, especially 
if the measurements are carried out over a narrow temperature 
range, or if the Van't Hoff plot is not linear.
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The complexation reaction between a cation and a
macrocyclic ligand L, may be represented as:
+ L — (2.3)
The thermodynamic complexation constant is
o n+ / a n+ /('..n+V x'! f,,n+ fK = ML c
K° = K  ^ f
S t
M ^L (2.4)
where, a is the activity and f the activity coefficient of a 
particular species; is the stoichiometric complexation
constant. It is usual to assume that equals unity, since 
the ligand is neutral. In dilute solutions, ^ML^^ is normal­
ly taken to be equal to M^^ , although the ion-size parameters 
in the Debye-Huckel equation for the two species are different.
In the study of the effect of ionic strength on the complexation
of 18C6 with Na^(ClO^") in anhydrous methanol, Smetana and 
207Popov showed that is quite constant up to an ionic
strength of 0.05M. Though it should also be noted that acti­
vity effects are strongly magnified in non-aqueous solvents.
Generally speaking, more experimental methods in solution 
chemistry have been developed for studies in aqueous solution 
than non-aqueous ones. Techniques for the precise determination
5
of complexation constants of greater than 10 in aprotic solvents 
are particularly lacking. An outline of some common methods is 
given below.
2.3.2.1 Electrochemical techniques
(a) Potentiometric measurements
The most common potentiometric measurement is to make use 
of a cation-selective electrode to determine the concentration 
of the free cation in the system. A cation-selective electrode
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is simple to use and very sensitive, hence it allows the deter­
mination of the complexing constant of very stable complexes 
(having very low free cation concentration). However, such 
electrodes are 'cation selective' and not 'cation specific', 
consequently, small amounts of impurities may lead to large 
errors especially in very dilute solutions. Furthermore, they 
are rarely suited to measurement in non-aqueous solvents, as 
the behaviour of the electrodes become irreversible and erratic. 
Even in hydroxylic solvents, such as lower alcohols, selective
ion electrodes must be carefully preconditioned before any re-
171liable result can be obtained . The problem is strongly exa­
cerbated in aprotic solvents where very few, if any, careful
measurements with cation selective electrodes are known.
171Frensdorff reported a potentiometric study of twenty two 
crown complexes with alkali cations, the ammonium ion and the 
silver cation in water and methanol solutions. A silver-silver 
chloride electrode was used as a reference except for studies 
of silver complex, where a calomel electrode was employed.
Lehn and Sanvage also made extensive use of cation selective
electrodes in the determination of cryptate complexation
 ^  ^ 204,208constants
220Recently, Roberts et ^  have also obtained very reasona­
ble results for complexation of 18C6 with alkylammonium ions 
in aqueous solution, by measuring pH changes.
(b) Electrical conductance measurement
In nonaqueous systems, especially aprotic ones, electrical 
conductance measurement is much easier than ion selective elec­
trode measurements, because the problem of obtaining reversible 
electrode systems in a given solvent is largely eliminated. 
However, in the electrical conductance method, presence of even
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small amounts of conducting impurities is enough to cause 
serious errors.
The formation of a cation-macrocycle complex results in 
a decrease in the mobility of the cation, hence a decrease in 
the conductance of the system. This effect is made use of in 
the calculation of the complexation constant by computer-assisted 
consecutive approximation methods. In a conductance solution 
containing a constant amount of a salt and varying concentration 
of ligand, it can be shown that:
= (Aa- A)/ (l)^ (A-Ag) (2.5)
where is the complexation constant,A is the measured equiva­
lent conductance (which may be corrected for viscosity changes 
due to the addition of l i g a n d ) , a n d  An are the equivalentA d
conductances of the solvated and complexed metal salt respec­
tively. (^)e the equilibrium concentration of the free li­
gand, which is calculated by substracting the complex concen­
tration from the initial concentration of the ligand, .
Hence,
We = (’^ jo ■ 'A^ -A)/(Aa - Ag) (2-6)
By iteration procedure, best values for and A g  can
be obtained.
Shchori et al^^^ have used this method to study the
complexation of Na^ by DB18C6 as well as other ligands in
dimethylformamide and dimethoxyethane solutions. Takeda and
Yano^^^ also employ this method in their study of complexation
of DB24C8 with alkali metal ions in propylene carbonate and
methanol, with variation of temperature to obtain AH^ and AS^.
211Evans eit ^  made precise measurements in methanol and 
acetonitrile solutions of alkali salts with DB18C6 and DC18C6.
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The measurements were carried out on a series of solutions of
constant ion strength with varying ligand concentration. In
' 212
Matsuura and co-workers measurements, the ligand concentra­
tion was kept constant, whilst that of salt was varied. Jagur- 
213Grodzinski pointed out that this procedure is very sensitive 
to small experimental error, because the calculation of the 
complexation constant is based on small differences in the va­
lues of and with salt concentration and to the diffe­
rence in the degree of complexation. Other workers have also 
used electrical conductance determinations to measure ion-pair
dissociation constants in presence of cryptands. Conductometric
91titrations were used by Pedersen and Frensdorff to determine 
the stoichiometry of crown-complexes.
(c) Miscellaneous electrochemical techniques
These less common and less important methods include pola- 
rography and related techniques such as cyclic voltametry. In 
polarographic investigations, the important quantities for the 
measurement of the stability of the complex are the half-wave 
potentials (Ei ) of the complex and free metal cation. The 
measure of the complex stability is the difference between the 
Ei^  of the free cation and complexed cation at a given concen­
tration of ligand. Ei of the polarographic wave of the com- 
plex is shifted to more negative potentials when the ligand 
concentration in solution is increased. On the basis of plots
of this type, stability constants Can be determined. Hofmanova 
214and co-workers have determined the complexation constants
+of a series of crown-ethers with alkali metal cation and Tl
215in acetonitrile and methanol. Peter and Gross also studied 
(k "^222] cryptate in propylene carbonate by coulometry, polaro- 
graphy at a short drop time, pulse polarography, and cyclic 
voltametry.
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2.3.2.2 Spectroscopic techniques
(a) Nuclear magnetic resonance methods
In principle, the NMR of any nucleus possessing a nuclear
spin can be studied to yield quantitative information about
1 1 3the species present. Hence the atoms H, C and donor atom,
17 14 15
such as O, N or N in the ligand, and the nucleus of the
cation itself may be studied. However, at the present moment,
17there are still limitations to their uses. For instance, O
cannot be used, because of its low abundance and sensitivity;
^^N, though present in nearly 100% natural abundance, has
13 15broad resonances and is not convenient for use. C and N
spectra can only be observed by using Fourier transformed NMR.
1
H NMR of the ligand (in deuterated solvent system) has been 
employed by Live and Chan^^^ to obtain the complexation cons­
tants of crowns with various cations. The complexation cons­
tants were obtained from the analysis of the proton chemical 
shift dependence on the ligand/cation mol ratio. Fourier
transformed NMR is often used as a adjunct to ^HMR^^^.
13The range of C chemical shifts is much larger than for the 
proton and the resonance frequencies are quite sensitive to 
small changes in conformation and chemical environment.
The NMR of many metal cations have been studied; these
7 23 3Q 87 133 205include Li, Na, K, Rb, Cs and Tl, the last two
being most widely investigated. When the exchange rate of 
+ +M With ML is fast on the NMR time scale, only a single 
exchange-averaged line results. The free and complexed cations 
have different chemical shifts and the variation of the che­
mical shift with ^LjM^j can be used to evaluate the comple­
xation constant. The observed chemical shift Sobs related 
+ +
to those of M and ML by the equation :
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Gobs 6f + ^c6c {2.1)
where and P^ are the population of cations in the free 
and complexed state, while 5^ and 8^ are the corresponding 
chemical shifts.
By assuming that only an complex is formed, the
following relation can be derived:
5obs = - K(L]t _ 1 ) + _
2Y? + 2k(m]^ + '
| ( 5 f  _  ) /  (2k [m)' )^J + 5^ (2.8)
where (nj^ and (bj^ are the total concentrations of the metal 
and of the ligand and K is the complexation constant.
Gobs is usually measured as a function of mol ratio of
ligand/cation, and 5^ is obtained from measurement on metal
salt solutions without the ligand. There are in fact only 
2 unknowns in equation 2.85 K and 5^ ,/ which are evaluated by 
a non-linear least squares program when the experimental pa­
rameters and are substituted. Only K va-
5lues of between 1 to 10 can be evaluated in this way. If 
the complexation constant is very small, 5jyjg+ cannot be deter­
mined. On the other hand if the complexation constant is
5 cgreater than 10 , suitable values of K and 0^ cannot be obtain­
ed.
Furthermore, the chemical shift verses concentration for 
a salt ■(m*‘X”) may be plotted. If 5 is independent of concen­
tration, effects of ion-pairing are absent, otherwise, the 
data may be used to obtain ion-pair association constant. 
Similarly the chemical shift verses concentration of the
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complex may be checked to see the effects of ion
pairing between M^L and X~.
NMR methods are useful not only in determination of 
complexation constants, but also in kinetic studies and elu­
cidation of conformation and complex structures.
(b) Electronic spectroscopy
Ultraviolet-visible spectroscopy is not commonly used.
218 219Nonetheless, Chock and Tummler e_t ad have all used
UV-visible spectroscopy to study complexation with crown
ethers and cryptands respectively. This method is limited
to those ligands which absorb in UV-visible regions, e.g.
aromatic substituted ligands.
2.3.2.3 Calorimetric techniques
Different types of calorimeters have been used for the
determination of the enthalpy change in complexation reactions
Further discussion of the use and a description of a type of
calorimeter will be a subject in the experimental section.
Apart from its use in the measurement of enthalpy change ,
titration calorimetry has been extensively used by Izatt and 
181221co-workers * to evaluate the complexation constant simul­
taneously with the enthalpy change.
The molar enthalpy change for a specific complexation 
reaction is a constant at a fixed temperature, but the actual 
heat observed during a titration of a solution of salt (M^,X ) 
by a complexing agent varies with the amount of titrant added. 
The characteristic of the curve obtained is a function of the 
complexation constant, as illustrated in fig.2.8.
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^^verall
10,000
1,000
100
3
0
1
mol titrant added/mol reactant
Fig.2.8 Thermogram for the reaction A + B-^AB, showing 
the effect that the value of the equilibrium 
constant has on the shape of the thermogram.
It is possible to evaluate AH^ and from the curve by a 
non-linear best fit program. There are, however, two limita­
tions to the successful evaluation of complexation constants:
(i) the magnitude of log K should be within say, one to four,
(ii) AH^ should be large enough, so that an appreciable amount 
of heat change is observed during titration (the limit will 
depend on the sensitivity of the calorimeter concerned).
2.3.2.4 Other methods
Solubility measurements of the ligand, with and without
complexation, may be used in situations where all other methods
fail. It is particularly useful in media where the ligand is
222only sparingly soluble. Shchori and co-workers have elegant­
ly determined the complexation constant of dibenzo-18-crown-6 
with several cations in water, spectrophotometrically, by the 
solubility technique, which is based on the observation that
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the solubility of the complex in water is much higher than 
that of the free ligand. The UV-absorption of the aqueous 
phase which is saturated with the ligand was measured. (The 
aqueous phase is in contact with a ligand reservoir, in this 
case CCl^ solution saturated with ligand). A large excess of 
the salt was then added, and after equilibrating, the absorbance 
of the free and complexed ligand in the aqueous phase was deter­
mined again.
The apparent complexation constant is then given by:
K
app
(*2 - Al)EL / (2.9)
where and A^ denote the absorbance of DB18C6 in water and 
in the salt solution, and (3^  ^are molar extinction coeffi­
cients of the free ligand and complexed ligand and ^ , is 
the initial salt concentration. By assuming that the salt 
concentration remains constant after complexation, and that 
activity coefficients of the various species are unity, the 
apparent complexation constant may be taken as the thermodynamic 
quantity.
223Kolthoff and Chantooni applied a slight variation of 
the above method in methanol solvent. They measured the solu­
bility of the salt in the absence and presence of DB18C6, the 
solution being saturated with respect to the latter. From 
the total solubility of the ligand and from the concentration 
of the anion , the complexation constant was calculated, making 
use of the solubility of the salt and its solubility 
product .
Another less common method has been to measure the molal
volume change after complexation in the solution by measuring
224 226the density and speed-of-sound in the solution '
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2.3.3 Thermodynamic data for reaction of cations with 
macrocyclic ligands
There is a whole wealth of literature values on AG? andt
AH° for the complexation reactions of various neutral macro­
cycles in different solvents. In the table below, only those 
data relevant to the discussion later on, are cited.
Table 2.8 AG° and AH° values for complexation of macrocycles 
with cations in solution (M^L^ complexes, values 
in kcal mol~^, at 298K)
(a ) 12C4 in propylene carbonate
Cation _____________AG°_____   AH°
(a) (b)
Li'*' -4.00
Na"^  -4.77 -4.91 -
K"*" -2.93 -
Rb*^  -2.31 -
Cs"^  -1.95
(B) 12C4 in acetonitrile
(c)
Li"*" -4.64
Na'^  -4.52
(C) 15C5 in water
Li"^
(d) (d)
Na'*' -0.95 -1.50
k ’^ -1.01 -4.10
Rb"^  -0.85 -1.90
Cs"^  -1.09 -1.30
Ag"^  -1.28 -3.23
Tl"^  -1.68 -4.01
-2.33 -0.24
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Table 2.8 (Cont'd)
(D) 15C5 in propylene carbonate
Cation AG°
(e)
Li*^  -5.81
Na —5.05 —
-4.65
Rb"^  -4.15
Cs"^  -3.67
(E) 15C5 in acetonitrile
(c)
Li"^  -4.91
Na"*" -7.20
-4.06
(F) C15C5 in water
(f)
Li*^  >-1.36
Na"^  >-0.41
-0.82
Rb^ -
Cs"^  -
(G) C15C5 in methanol
(f)
Na"^  -5.06
K*’ -4.88
Rb^ -
Cs"^  -3.78
(H) B15C5 in water
(g) (g)
Na"*" '^ O. 50 -
K"*" -0.52 -2.33
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Table 2.8 (Cont'd)
(I) B15C5 in methanol/water (70/30 wt.%)
Cation   AG°    , .
(g) (g)
Na"^  -2.71 -3.82
K*^  -2.05
Rb'*' -2.46 -
Cs'*' -2.32 -2.43
(J) B15C5 in acetonitrile
(h) (i)
(K)
(L)
Na'*' -6.21 -3.82 -
k'*' -4.64 - -
Rb'*' -3.96 - -
Cs"^ -4.23 — -
Tl^ -7.09 —
- -3.14 -
18C6 in water
(d) (f) (j) (k) (1) (d)
Li'*' - — — 0.15 -
Na"^ -1.09 -1.11 —  , — -2.25
K'*' -2.77 -2.81 -2.80 . — — -6.21
Rb'*' -2.13 — — — — -3.82
Cs'*' -1.35 -2.70 — — -3.79
Ag'*' -2.05 -2.18 — — -2.17
Tl'*' -3.10 — — —  — -4.44
NH ■*■ -1.68 —  — —1.66 — -2.34
MeNHg
EtNHg^ -
-1.54
-1.35 -
18C6 in methanol/water (70/30 wt.%)
Na'*'
(g)
-3 . 7 7
(g)
-4.89
K+ -5.91 -9.68
Rb'*' -4.72 -9.27
Cs'*' -3.88 -8.09
Table 2.8 (Cont'd)
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(M) 18C6 in methanol
Cation
Li"*"
AG'
Na+
K+
Rb
Cs
+
Ag
Tl"*"
NH^+
MeNH.
EtNH.
PrNH.
BuNH,
(f)
-5.89
-5.95
-5.92
-8.32
-8.25
(m)
(n)
(m)
-6.30
(o)
-7.00
-9.09
-7.91
-7.30
-6.93
(p)
(q)
-7.26
-6.53
-6.23
-6.25
-7.18
(r)
(r)
(s)
+
-5.83
5.80
■5.44
5.43
•5.32
AH
- 2.80 
- 8.40
-13.40
-12.09
-11.29
- 9.15
- 9.27 
-10.71 
-10.65
- 9.99
- 9.85
(i)
(m)
(m)
(q)
(q)
(q)
(s)
(s)
(s)
(s)
(s)
(N) 18C6 in propylene carbonate
Na
K+
Rb'
Cs
Ag
Tl'
+
(e)
•7.75
■8.51
7.26
■6.11
(r)
-7.16
8.62
■6.17
9.69
■9.73
(u) (y)
-5.70 -5.65
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Table 2.8 (Cont'd)
(0) 18C6 in dimethvlsulphoxide
Cation ___________  AG
(r)
-1.95
-4.38
(u)
Na
K+
Rb'
Cs'
Ag'
Tl'
(P) 18C6 in dimethylformamide
Na
k'*'
Rb'
Cs"
Ag‘
Tl"
-4.15
(u)
-5.39
(v)
1.92
-2.62
(v)
-3.04
-5.36
-4.57
a h'
(Q)
(R)
18C6 in acetonitrile 
(c) 
-5.09Li+
+Na
K+
Rb'
Cs
Ag
C18C6 in water
Li'*'
Na"*"
K+
Cs"*"
Ag
NH +
(r)
- 6.21
-7.78
(w)
>0.95
-1.09
-2.59
-1.09
-2.32
-1.50
(u)
<-5.46
-2.59
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Table 2.8 (Cont'd)
(s) C18C6 in methanol
(T)
(U)
(V)
Cation AG° AH°
(w)
Na"*" -5.58 -
K+ -8.04 ■ -
Cs"*^ -5.87 -
DB18C6 in water
(r) (x) (y)
Li"*" — >-1.36 - —
Na’*' -1.50 -1.58 -1.50 -
K+ -2.18 -2.27 -2.18 -
Rb’*' - -1.47 -1.50 -
Cs"*" - -1.14 -
Ag'*’ -2.05 -1.93 - -
Tl'*' -2.05 -2.05 - -
- /\/-0.41 - -
DB18C6 in methanol
(o) (r) (al) (z)
Na'*' -5.95 -6.00 -6 .1 4 (2^ -7.4
-6.74 -5.68
K+ -7.44 -6.89 -6.96^^^ -9.5
-6.82^^^ -6.28
Rb^ -6.18 -5.77 - -
Cs'*' -5.29 — —
-6.3o(*)
Ag'*' — -5.51 — -
Tl"^ - -5.18 -5.0 -
DB18C6 in propylene carbonate
(r) (cl)
Li'*' - -4.46 -
Na'*' -7.09 -5.28 -
K'^ -7.00 -6.93 -
Rb'*' -5.33 -5.12 —
Cs'*' -4.52 -4.84 -
4-
Ag -7.94 - -
T l -6.89 - -
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Table 2.8 (Cont'd)
(W) DB18C6 in dimethvlsulphoxide
Cation  ______AC° _________
(r) (u) (cl)
Na'*' -2.63 - -4.51
-3.36 - -4.66 -
Rb"** -2.59 - -4.59
Cs'*’ - -1.77 -4.52 -
(X) DB18C6 in dimethylformamide
(r) (u) (cl)
Li'*' - - -4.14
Na'*' -3.27 - -4.57
k'*' -3.82 - -4.85
Rb'*' -2.86 - -4.82
Cs'*' - -2.05 -4.76 -
(Y) DB18C6 in acetonitrile
(h) (r) (al)
Na'*' -6.82 , -6.62 -6.88
K '*' -6.41 -6.56 -6.59 -
Rb'*' -5.05 - - -
Cs'*' -4.77 -4.90 -2.1l(*)
Tl'*' -6.88 - -5.74^^^^
(Z) DB21C7 in methanol/water (70/30 wt.%)
(g) (g)
Na'*' -2.05 -11.74
K* -3.90 - 9.50
Cs"*" -1.94 - 6.14
(Al) DB21C7 in methanol
(w)
Na'*' -3.27
K"*" -5.87
Cs'*' -5.73
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Table 2.8 (Cont'd)
(Bl) DB24C8 in methanol/water (70/30 wt.%)
Cation Ac°
(g)
Na**" -2.10 -7.75
K+ -3.30 -8.54
Rb**" -3.48 -8.72
Cs**" -3.38 -8.93
(cl) DB24C8 in methanol
(dl)
k'*’ -4.76^^^ -8.44
-4.87
Rb+ -5.27 -9.43
Cs**" -5.16^^^ -8.79
-5.24
Tl"*" -4.64(^) -
(Dl) DB24C8 in propylene carbonate
(dl) (dl)
Na"*" -5.68 -9.01
K+ -5.09 -8.25
Rb+ -4.84 -7.86
Cs'*' -4.72 -7.72
(El) DB24C8 in acetonitrile
(h)
Na"*" -5.46 -
k'*' -5.05 -
Rb'*' -4.64
Cs'*' -5.18
Tl'*' -6.55
Notes to the table:
pot- potentiometric method; pol- polarographic method; 
cond- conductometric method; cal- calorimetric method; 
NMR- NMR method; spect- spectorcospic method.
(a) from ref.238,pot.
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(b) from ref.238, pol.
(c) from ref.235, cond.
(d) from ref.179, cal.
(e) from ref.233, cond.
(f) from ref.171, cond.
(g) from ref.181, cal.
(h) from ref.214, at 295 K, pol. method, reactio 
electrolyte of 0.05M Bu^NBPh^.
(i) from ref.239, NMR.
(j) from ref.226, molal vol, changes.
(k) from ref.220, pot.
(1) from ref 225, pot.
(m) from ref 227, cal.
(n) from ref.207, ion-selective electrode.
(o) from ref.228, NMR.
(p) from ref.229, pot.
(q) from ref.230, cal.
(r) from ref.223, solubility measurement in MeOH 
selective electrode in other solvents.
(s) from ref.231, cal.
(t) from ref.232, cal.
(u) from ref.184, 133Cs NMR.
(v) from ref.234, multinuclear NMR.
(w) from ref.237, pot.
(x) from ref.222, solubility measurement.
(y) from ref.236, spect.
(z) from ref.203, cal.
(al)
(bl)
(cl)
(dl)
from
from
from
from
ref.211, 
ref.243, 
ref.212, 
ref.210,
cond.
Tl NMR, very low concentration
cond.
cond.
-5I M.
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Table 2.9 AG° and AH^ values for the complexation of 
cryptands with cations in solution (M^L^ 
complexes, values in kcal mol"^, at 298 K)
(a) 2 1 1 in water
Cation AG^ AH°
(a)
H**' -15.44^ *^  ^ -8/9
h'*’ with H+211 -11.10^^^ -8.0^^)
Li+ - 7.5 -5 .1 (c)
Na"*" - 4.4 -5 .4 (c)
K"*" >- 2.7
Rb"*" >-2.7
Ag'*' -11.6
(b) , (d)
Tl'*'
-11.62 -17.1
(B) 211 in methanol/water (95/5 wt.%)
(e)
Li"*" -10.34
Na"*" - 8.29
K+ - 3.08
Rb"*" >-2.73
Cs'*' > 2.73
(C) 211 in methanol
(a)
h'*' -17.25 (^  ^ -10.1 (^ ^
h'*' with H^211 -11.54(^) -13.9 (^ ^
Li'*' -11.0 -
Na'*' - 8.3
k'*' - 3.1 -
Rb'*' - 2.6
Ag'*' -14.5 -24.6 (^ ^
-14.05(^^
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Table 2.9 (Cont'd) 
(D)
(E)
(F)
(G)
Cation AG°
(a)
Li+ -17.0
-17.56(^^
— .
Na"** -1 2 . 0 —
-4.6 —
Rb'*' ^ 3.0 ■ -
Ag^ -19.7
-20.5o(^^
2 1 1 in dimethvlsulphoxide
Li"*"
(a)
-8 . 0 - .
Na**" -6.3 —
k'*' > —2.7 —
Ag"*" -8.4
-7 .4 4 (b)
2 1 1 in dimethylformamide
Li'*'
(a)
-9.5 -
Na**"
-9.2
-7.1 —
K+ -3.4
-1.36(f)
-
Ag"*" -11.7 -23.54(^ )
2 1 1 in acetonitrile
(a)
Li+ <-13.6 -
+
Na <-12.3 —
K+ - 3.9
- 3 .8 2 (f)
-
Ag'*' -10.5 —
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Table 2.9 (Cont'd)
(H) 221 in water
Cation Ag°
(a)
- 15.03 ^^^ -8.4^^^
with H^221 -10.55^^^ -4.1^^^
Li*^  - 3.4 0.0^^)
Na"^  - 7.4 -5 .3 5 (c)
K"*" - 5.4 -6 . 8 (c)
Rb^ - 3.5 -5 . 4 (c)
Cs^ >-2.7
Ag'*’ . -14.5 -
-16.1 -12.2 
-16.96
(I) 221 in methanol/water (95/5 wt.%)
(e)
Li"^  - 5.7 -
Na'^  -12.1 _
k'*' - 10.16 -
Rb"^  - 7.9 -
Cs*^  - 5.32 -
(J) 221 in methanol
(a)
H+ -15.75(b) -13.3(b)
with H^221 -1 2 .9 3 (b) -14.l(b)
Li*^  - 7.3 -
Na"^  -11.8 -
-12.7
K"^  -11.7
Rb'*' -9.2 -
Cs"^  - 5.9 -
Ag"*" -20.0 -19.3 (^ )
-1 9 .5 (b)
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Table 2.9 (Cont'd) 
(K)
(L)
(M)
2 2 1 in oroDVlene carbonate
Cation Ag° AH°
(a)
Li+ -13.1 —
Na"^ -16.5
-1 7 .4 4 (b)
-
K+ -13.5 —
Rb+ - 9.6 -
Cs"*" - 6.7 -
Ag"^ -25.2
-2 5 .6 5 (b)
2 2 1 in dimethvlsulnhoxide
(a)
Li'*’ - 3.8 -
Na'^ - 9.5
- 9.88(b)
-
K+ - 8 . 1
Rb"^ - 6.3 -
Cs"^ - 4.4 —
Ag”^ -13.1
-1 3 .3 (b)
2 2 1 in dimethylformamide
(a)
Li+ - 4.9 -
Na"^ -1 0 . 8  
- 9.88(b)
—
k'*' - 9.1 -
Rb"^ - 7.3 -
Cs'^ -4.9 -
Ag"^ -16.9
-1 3 .2 7 (b)
-2 1 . (d)
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Table 2.9 (Cont'd)
(N) 221 in acetonitrile
Cation AG°
(a)
Li*^  -14.1
+
Na <-15. 4
K+ -13.0 -
Rb*^  - 9.9
Cs"^  - 7.0
Ag"^  -15.3
(O) 222 in water
(c) (c)
-1 3 .6 4 (b) - 8 .4 (b)
. with H*222 -1 0 .2 7 (b) - 4 .3 (b)
Li"^  - 1.71 - 1.40
+
Na - 5.42 - 7.62
K"*" - 7.45 -11.56
Rb"^  - 5.78 -11.77
Cs”^ - 1.97 - 5.15
Ag"^  -13.10 -12.80
-1 3 .4 4 (b)
T1 - 8.73 -13.20
(P) 222 in methanol/water (95/5 wt.%)
(e) (e)
Li"^  - 2.46
Na"^  - 9.84 -10.6
K"*" -13.3 -19.0
Rb'^  -11.46 -19.6
Cs*^  - 4.83 -11.9
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Table 2.9 (Cont'd)
(Q) 222 in methanol
Cation AG°
(c) (c)
h'*' -14.62 (b) -12.4 (b)
h'*' with H'^ 222 -1 2 .3 1 (b) -12.9 (b)
Li"^  - 3.55 + 0.17
Na'^  -10.83 -10.67
K+ -14.46 -17.04
Rb’^ -12.25 -17.89
Cs"^  - 6.00 -11.93
Ag"^  -1 6 .3 7 (b) -20.5
-16.64
Tl’^ -13.78 -
(R) 222 in propylene carbonate
(a) (d)
Li"^  - 9.47
Na*^  -14.38 -
-14.77(b)
K"^  -15.27 -16.54
Rb"^  -12.31 -
Cs"*" - 5.70 -
Ag"^  -22.28 -23.78
-22.78(b)
Tl^ -16.29(9) -
(S) 222 in dimethylsulphoxide
(a) (d)
Li*^  >-1.36 -
Na+ - 7.26
-  7.20(b)
K - 9.70 -14.53
Rb"^  - 7.98 -
Cs'*' - 1.91 -
- 2.66(9 )
Ag'*’ - 9.82 -11.4
-  9.75(b)
Tl"^  - 8.46 -
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Table 2.9 (Cont'd)
(T) 222 in dimethylformamide
Cation Ag^ AH^
Na"^  - 8.42
(a) (d)
-15.77
k ’^ -10.89 -12.67
Rb"^  - 9.25
Cs — 2.95 —
-13.74 -13.5
Tl"^  -1 0 .5 0 (9 ) -15.8
(U) 222 in acetonitrile
(a) (d)
Li'*' - 9.55
Na'*' -13.1 -
k'*' -15.4 -17.7
Rb'*' -12.96
Cs'*' - 6.23
Ag'*' -12.26 -13.0
Tl**" -1 6 .7 3 (9 )
(V) 22Cg in methanol
(e)
Li'*' >-2.37
Na'*' - 4.77
k'*' - 7.09
Rb'*' - 4.64
Cs'*' - 3.68
(W) 322 in water
(c) (c)
Na'*' - 2 .1 3 (b)
k'*' - 3.0 - 3.0
Rb — 2.8 — 4.2
Cs'*' - 2.45 - 5.4
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Table 2.9 (Cont'd)
(X) 322 in methanol/water (95/5 wt.%)
Cation AqC AH°
(e)
Li"*" >-2.73
Na^ -6.23 -
k'*' -9.55 -
Rb'*’ -9.96
Cs"*" -9.55 -
Notes to the table;
(a) from ref.244 and references therein, uncertainty in AG° is 
±0.14 kcal mol ^, all in basic solution.
(b) from ref.248/ potentiometric method.
(c) from ref.205, uncertainty for AG° is ±0.3 kcal mol"^ that 
for AH° is ± 0.2 kcal mol~^.
(d) from ref.245, calorimetric method.
(e) from ref.204, potentiometric method.
(f) from ref.246, NMR method.
(g) from ref.242, potentiometric method with silver electrode.
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CHAPTER 3
EXTRACTION OF CATIONS BY NEUTRAL COMPLEXING AGENTS
3.1 GENERAL COMMENTS
The tendency of crown ethers and cryptands to act as 
complexing agents is well known and demonstrated. By fusing 
organic groups such as cyclohexyl- or benzo- groups to the 
ligands, their lipophilicity can be greatly enhanced. This, 
together with their property of selective complexibility, 
makes them excellent extracting agents. However, relatively 
few investigations have been conducted in this field as com­
pared to works on the characterisation and thermodynamics of 
their complexation. Over the past few years, a handful of 
papers have been reported on the extraction of cations by 
crown ethers, and cryptands have barely been used at all as
extracting agents.
249 250Eisenman and Frensdorff , were the first to apply
crown ethers in extraction. Eisenman studied the extraction 
behaviour of DC18C6 (together with tetrolide antibiotics) 
between water and n-hexane and dichloromethane with respect 
to various cations. Frensdorff investigated the extraction 
of the potassium cation by DB18C6 and DC18C6 in aqueous so­
lution into CH2Cl2 'CFCl2 CFCl2 and n-C^H^^. Later on, Haynes 
and Pressman^^^, while studying the extraction of Na"*" and K**" 
by antibiotic ionophores, included 18C6 as a comparison. 
Danesi and c o - w o r k e r s ^ c a r r i e d  out a comprehensive study
on extraction of alkali metal ions in aqueous phase by DB18C6
253into nitrobenzene-toluene mixtures. Jawaid and co-workers 
studied the effect that large organic anions, such as p- and 
y - dinitrophenolate picrate and dipicrylamine, have on the
-71-
extraction of Na , K and Ca by DC18C6 into water-dichloro-
182methane mixtures. Several Japanese workers, notably Iwachido , 
Sekine^^^ and Takeda^^^'^^^'^^^ have investigated the extraction 
of various alkali metal picrates (and to a lesser extent, bi­
valent cation picrates) by 18C6, DB18C6 and 15C5 into benzene.
257258Maeda and co-workers ' also used poly- and bis-(crown- 
ethers) as extracting agents for silver, thallium and alkali
259
metal cations into chloroform. Sumiyoshi et al - had developed
+an easy clinical analytical method for analysis of K in blood 
serum, by selectively complexing it with 18C6, followed by 
solvent extraction of the ion-pair formed with bromocresol 
Green, into benzene. Nakamura et al^^^ have also developed a 
spectrophotometric reagent for alkali metal ions based on
128crown-ether complex formation and extraction. Gerow et al
performed a feasibility study on the application of 24C8 to
remove CsNOg and Sr(N0g)2 from acidic high activity nuclear
127waste, Marcus and Asher carried out an extensive study on 
the extraction of alkali halides from their aqueous solution 
by DC18C6 and DB18C6 into various organic solvents. A detailed 
temperature-dependence study and analysis was performed for 
NaCl and KCl with DB18C6 as the extracting agent and m-cresol 
as the extractant. Hence AG and AH values were obtained for 
the extraction processes as well.
Very recently, papers have been published on the syner­
gistic solvent extraction of rubidium and caesium picrate by
261tri-n-butylphosphate, 12C4 and 15C5 into benzene . Khan 
262and co-workers reported on the extraction of alkali metal
picrates by polyurethane foam using 18C6, together with a
180detailed analysis of the system. Kolthoff also made a 
preliminary communication on the ionic strength effect on
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extraction of potassium complexed with 18C6.
So far apart from the work of Kolthoff^^^, the analyses 
of various distribution and extraction constants for the 
extraction processes concerned, have been obtained by assuming 
that the activity coefficients of the ionic species in both 
aqueous and organic phases are equal to unity, even though the 
initial aqueous concentration could be as high as O.lM. In 
many cases, however, the extraction constants were defined in 
such a way that the ionic species in organic phase could be 
tactily avoided. Even so, the activity coefficients of the 
ionic species in the aqueous phase could stll be less than 
unity when the concentration is high. Hence, the distribution 
or extraction constants obtained are not true thermodynamic 
constants.
In contrast to the above work on extraction constants,
there has been virtually no work at all performed on the
127enthalpy of extraction. Although Marcus and Asher did 
obtain the enthalpy changes in the extraction of NaCl and 
KCl by DB18C6 from aqueous phase to m-cresol phase by a tem­
perature variation study on the extraction constant, these 
values are not standard ones, because the extraction constants 
concerned are not true thermodynamic quantities. There has 
been no record at all of direct calorimetric studies on the 
enthalpy change associated with the extraction processes.
3.2 MATHEMATICAL TREATMENTS FOR EXTRACTION PROCESSES
Different workers have analysed their results of extraction 
in slightly different ways, depending on the conditions, assump­
tions, and equations employed. Two examples are given below 
as illustrations.
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(a) Analysis due to Iwachido et al^^^
The equilibrium between an aqueous solution containing
an alkali metal cation, M and an anion. A”, and an organic
solution containing the ligand, L, can be written as
+ - M + Lg + A MLAq
%ex = (^1 (3-1)
where MLA^ designates an ion pair formed between the alkali
metal complex, M^L and the anion, A~; K denotes the ex-ex
traction constant; the subscript 'o' refers to the species 
in the organic phase, and the lack of a subscript, to the 
aqueous phase. The constituent equilibria are
L —  Lo = (l}^/(l ) (3.2)
+ L m‘*’l [bj (3.3)
m '*'l + a" -— =" MLA = (mLa)/(m '^l}[a “] (3.4)
MLA :;=± MLAq = (mlA^ / (mLa] (3.5)
The mass balances are
= (m'*’) + + [mLa ] + (mLa )^ (3.6)
= [l ] + + (mLa) + (mLa)q (3.7)
[a ]*^ = [a“] + (mLa) + (mLa )^ (3.8)
where T denotes the total concentration.
Substituting (3.2), (3.3), and (3.5) into (3.6),
(m+] = {(Nf - (mLa]„ (1 + l/D.p)}/{l + ( V D l )(l ^
(3.9)
equations (3.2), (3.6) and (3.7) are combined to give
W o  = {(M+) - (Mf + (l )1’}/(1 + 1/D^) (3.10)
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then from equation (3.8), we obtain
(a-) = (a )'I - (mLa )^ (1 + 1/D.p) , (3.11)
By combining (3.1), (3.9), (3.10) and (3.11), a single
relation with two unknowns, K and D. can therefore be ob­ex ip
tained. and are evaluated by a nonlinear regression
fitting of several points (say 6-10) per system.
127(b) Analysis due to Marcus and Asher , three equilibria 
are considered:
M + A + L — ^  M L  + A (3.12)o o o
K
m’*' + a“ + L^ —^  MLAq (3.13)
MLA — —  M~*~L + a" (3.14)o o
The following expression holds for the concentration in the 
organic phase; from (3.1 ):
( « W o  W')o = 4  (Ljo fr f
- (K^ )3 (l ]^  (3.15)
where a is the aqueous molar activity of MA, f is the acti-
-  tiQ
vity coefficient of the ligand in the organic phase, f is
-2
the mean ionic activity coefficient of M^L^ and A~ in the orga-
n w 2 —2
nic phase, is the conditional constant and (K.) =K. f f ,i l  Lq ±2
Also from (3.13),
-1
(mLa)o = f,
( « W o  = <'x 4  (^)o (3.16)
■ :
where K is a conditional constant and is equal to K f_ f.  ^ex ^ ex Lq MLAq
The concentration of the alkali metal in the organic phase is
-75-
given by
: M o  = ( « M o M M o
o ■*■
II
Kex
If
+ ""ex(«)o - |(K_)(L^ ^ a+j (3.17)
At low concentration, when only a minor fraction of the li­
gand is bound, the concentration of the free ligand can be 
obtained from
(^)o " (^)o " («)o (3.18)
On substituting into (3.17), the following expression is 
obtained :
V  = ‘'i + W  (^)o (3.19)
By plotting a^^ against a^^hj^ , or by solving
I It
(3.19) using least squares method, and may be obtained.
Equation (3.19) applies when both ion pairs and ions are 
extracted. When only ion pairs are extracted and the concen­
tration of MA in the aqueous phase is high, then only equili­
brium (3.13) is important, and
^  D(1 + D)Vf^^ (m a ]^|(l )^(1 + D) - [ma] ^  d | (3.20)
where D is the observed distribution ratio, f i s  the mean 
ionic activity coefficient of ionic species in aqueous phase, 
(^ MA^  ^ is the initial concentration of MA.
It should be noted that in both Marcus and Asher's method 
and that of Iwachido et al. , only conditional constants are 
obtained because the ionic activity coefficients are not fully 
taken into account.
PART TWO
DISCUSSION
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CHAPTER 4
INTRODUCTION AND THE AIM OF THIS WORK
Most of the uses of the neutral macrocyclic ligands, such 
as crown ethers and cryptands as discussed in section (2.1.3) 
involve fundamentally the ability of these ligands to selective­
ly complex a cation and the ability to extract it from one 
phase to another. Yet the studies in the last fifteen years 
with these ligands have been mainly concerned with the measure­
ments of the complexation constants and the associated standard 
enthalpy changes . Only recently were studies on the extrac­
tion of cations by the crown ethers reported. A survey of these 
studies was outlined in section (3.1), where it was pointed out 
that the extraction constants are usually not true thermodynamic 
quantities. It is therefore the aim of this work to contribute 
towards this field of study by investigating the basic and unify­
ing principles involved in the extraction of univalent cations 
by these ligands.
The extraction parameters between a pair of immiscible 
solvents may be obtained directly from extraction experiments. 
However, for a pair of miscible, or partially miscible solvents, 
hypothetical extraction parameters may be obtained indirectly 
via a thermodynamic cycle. Consider the cycle shown below:
+ +M + L --------  > M L
AB°(M+) ^gO ^AB°(M+L)
- c, o
K  + -----------------------------> «  L ^
Fig. 4.1: Thermodynamic Cycle 
where AB° is the standard free energy, enthalpy or entropy of
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+complexing of M with the ligand, L; a subscript 'o' denotes 
the organic phase. represents the standard free energy,
enthalpy and entropy of transfer of a given species from water 
to an organic phase. The counter ion may be included in the 
cycle; the elimination of it simplifies the situation and the 
cycle then applies to the single ion only. Thus, if AB^/AB° ^ 
are known for the complexing of the ligand with the cation,
0 4*
and if AB^ of M and L are also known, the transfer of the 
complexed cation, AB°(M^L) may be deduced,
AB°(M+L) = AB°(m‘*’) + AB°(L) + AB° - AB° (4.1)r t u c,o c
which is in fact the equation of the Hess's Law.
The thermodynamic parameter of transfer for the complexed 
cation, AB°(M^L), may also be obtained from the difference of 
the parameter of solution of the complexed salt M^LX in both 
solvents, and splitting it into single ion quantities by using 
an extrathermodynamic assumption. Abraham, Namor and Schulz^^^ 
have actually obtained AB°(M^L) via the cycle and from the para­
meter of solution of ^Na"*^ 222] X“ and ^K'*’222jx~, where X" is the
halide. The cycle and direct values are in good agreement, show­
ing the correctness of experimental work via the cycle. Cox and 
244co-workers have also used the cycle method to obtain values 
of AG°(M^222l") from water to organic solvents. In the study of 
crown ethers, such as 18-crown-6, the complexed salts are less 
stable and usually cannot be isolated. Hence the cycle method 
is the only way to obtain the AB°(m'*’l) values.
In the discussion that follows, the results of measurements 
that yield AB°(M^) and AB°(L) are looked at first. This is 
followed by a discussion on the calorimetric results of enthal­
pies of complexation and how by variation of the concentration
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of cations, the free energy values could also be obtained.
These results obtained by the present work are then combined 
with some literature data to complete various cycles. A 
range of ligands and solvents will be studied in these cycles. 
Finally the results of distributing simple electrolytes and the 
extraction of these cations by crown ethers into a water- 
immiscible solvent are discussed and are compared to the results 
of the hypothetical extraction of cations into the water- 
miscible solvents.
-79-
CHAPTER 5
THE EXPERIMENTAL DETERMINATION OF THERMODYNAMIC PARAMETERS OF
TRANSFER
5.1 STANDARD ENTHALPIES OF TRANSFER OF 1:1 ELECTROLYTES AND 
OF UNIVALENT IONS
Like other thermodynamic parameters of transfer, the stan­
dard enthalpy of transfer of a substance from solvent 1 to sol­
vent 2 (SI— >S2) may be obtained experimentally by measuring the 
standard enthalpy of solution of the substance in SI and S2.
Thus,
AH° (S1-4S2) = AH°^j^^(in S2) - (in SI) (5.1)
If the substance is a salt, then it is possible and at
times desirable to split up AH°(M^X”) for the salt into the
o +constituent terms, due to the separate ions: AH^(M ) and
AH°(x*~) • As mentioned in section (1.2.3), the single ion quan­
tities are additive functions for the cation and anion. There 
are various extrathermodynamic assumptions to accomplish the 
splitting up of the AH°(M^x”) term. However, the most common 
one is the assumption that:
AH^^Ph^As*) = AH°(BPh^“) (5.2)
It must also be pointed out that the assumption:
AH°(Ph^P+) = AH°(BPh^“) (5.3)
is equally valid and as the AH° values recorded in Tables 
(1.1-1.6) for Ph^ As*** and Ph^P^ show, the assumptions are very 
similar to each other.
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5.1.1 Standard enthalpies of transfer of univalent ions 
from water to methanol/water (70/30 wt.%)
The assumption that AH°(Ph^P^)= AH°(BPh^“) is used to 
work out the standard enthalpies of transfer for the single 
ions.
The enthalpies of solution of NaBPh^, Ph^PCl and NaCl in 
water and methanol/water (70/30 wt.%) are recorded in Tables 
(10.3-10.8) and those of NaClO^, AgClO^ and NH^I in MeOH/H^O 
(70/30 wt.%) in Tables (10.9-10.11). The standard enthalpy of 
solution is obtained by extrapolation to infinite dilution if 
the enthalpies of solution vary systematically with the square 
root of the salt concentration, otherwise, the averaged value 
of enthalpies of solution (concentration range usually 10 ^ -10 ^ M) 
is taken to be the standard enthalpy of solution. The standard 
enthalpies of solution of these salts in water (-4.56 for NaBPh^, 
-2.06 for Ph^PCl and 0.93 for NaCl) compare very well with the 
literature values: -4.77 for NaBPh^^^^, -2.19 for Ph^PCl^^^
and 0.93 for NaCl^^, all in kcal mol
The standard enthalpies of solution of various 1:1 electro­
lytes in water and methanol/water (70/30 wt.%) and the derived 
enthalpies of transfer are given in Table (5.1) . The values 
for the single ion transfers are given in Table 5.2.
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Table 5.1 Standard enthalpies of solution of 1:1 electrolytes
in water and methanol/water (70/30 wt.%) and the
derived standard enthalpies of transfer from water
(a)to methanol/water (this work 
stated/ values in kcal mol ^
unless otherwise 
at 298.15 K).
Electrolyte Electrolyte AHsoln "^ t^
(b) in H^O in MeOH/HgO
Lid -1.32 NaCl 0.93 0.63 -0.30
KCl
RbCl
CsCl
-0.17
-0.24
-0.37
NaBPh^
NaClO^
AgClO^
-4.56
3 .3 2 (c)
1.76(c)
-1.64 2.92 
2 . 2 2 -1 . 1 0  
0.05 -1.71
Nal -1.84 NH4I 3 .2 3 (c) 0.89 -2.39
Ph^PCl -2.06 0.05 2.11
(a) from Tables 10.3-10. 1 1 ; (b) interpolated values from ref.59;
(c) from ref .265.
Table 5.2: Standard enthalpies of transfer of single ions from
water to methanol/water (70/30 wt.%) (calculated
from values of Table 5.1 / values in kcal mol at
298.15 K, Ph^PBPh^ assumption)
Ions Ions AH°
Li+ -0.77 Cl" —0.56
0.26 I" -2 . 1 0
K+ 0.39 CIO4- -1.36
Rb+ 0.32 BPhj- 2.67
Cs^ 0.19
Ag'*’ -0.36
-0.30
Ph^P 2.67
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5.1.2 The standard enthalpy of transfer of the picrate anion 
from water to methanol
The standard enthalpy of solution of Me^NPic has been 
determined in water (Table 10.12) and methanol (Table 10.13).
The standard enthalpy of transfer of the picrate anion can be 
obtained, knowing the value for the cation (from Table 1.1).
In order to check the value obtained, another picrate salt, 
Et^NPic was investigated as well (refer to Table 10.14 for 
AHgg^^(Et^NPic) in MeOH). The calculation is recorded in 
Table 5.3.
Table 5.3 Calculation of (Picrate") from water to methanol,
-1using the Ph^AsBPh^ assumption,in kcal mol • at 
298.15 K
Salt AH 0soln AH°(M^Pic) AH°(M+) AHC(Pic )
in H^O in MeOH
Me^NPic
Et^NPic
7 .6 4 (3^
7 .6 5 (b)
7.00
8.89
-0.64 0.28(c) 
1.24 2.18(c)
-0.92
-0.94
(a) compares well with 7.61±0.07 kcal mol-1, values from ref.266;
(b) this value from ref.266; (c) from Table 1.1.
5.1.3 The standard enthalpies of transfer of sodium and 
and potassium picrate from water to 1 0 0 % water 
saturated tri-n-butylphosphate
Tri-n-butylphosphate (TBP) is only sparingly soluble in 
water, (0.41 g per litre, from average of ref.267, 268 and 269). 
Hence, the properties of water saturated with TBP would not be 
expected to differ much from those of pure water. On the other 
hand, water is fairly soluble in TBP, (64.05 g of water per 
litre of TBP solution, from the average of values in ref.267,
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270, 271 and 272). There is a 1:1 mol ratio of HgOzTBP in 
a 100% water saturated TBP, thus, not surprisingly, the pro­
perties of dry and wet TBP are often quite different.
The enthalpy of solution of a substance in 100% water 
saturated TBP has to be obtained from an extrapolation of
of the substance in TBP nearly saturated with water. 
There are two reasons why of a substance cannot be
directly obtained by calorimetric measurements in 100% water 
saturated TBP: (a) the solvent is very difficult to prepare,
and (b) during the course of a reaction in the calorimetric 
vessel, any temperature change might slightly alter the com­
position of the (almost) two-phase system.
The enthalpies of solution of sodium picrate (anhydrous) 
in water are recorded in Table 10.19. A run was carried out 
in aqueous sodium hydroxide solution to check if hydrolysis 
had taken place during the measurement of the heat of solution. 
The hydrolysis occurs according to the following equation:
Pic" + H^O  > HPic + OH" (5.4)
Hence, the presence of NaOH in the medium would suppress the 
hydrolysis. However, as the result shows, there is no signi­
ficant difference in the enthalpy obtained in the presence of 
NaOH. Hence, hydrolysis of NaPic has not occurred. The stan­
dard enthalpy of solution of NaPic in TBP, 70%, 85% and 95% 
water saturated TBP (Table 10.20) are obtained by extrapolation
to infinite dilution in each case. It is obvious that AH° ^soln
becomes less exothermic as the content of water increases.
The plot of AH°g^^ against % saturation of water yields a good 
straight line, whereby AH^^^^ of NaPic in 100% water saturated 
TBP is obtained. Similarly, values (refer Table 10.21)
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of KPic are obtained in various wet TBP solvents, and AH ,soln
obtained by extrapolation to infinite dilution. The standard 
enthalpy of solution of NaPic and KPic in water and 100% water 
saturated TBP, and the deduced enthalpy of transfer are recorded 
in Table 5.4.
Table 5.4 AH , of NaPic and KPic in H_0 and TBP (100% H.O soln 2 2
saturated) and AH° from water to the wet TBP 
- 1
(kcal mol at 298.15 K).
Salt % saturation 
with water
AHsoln AH°(M*Pic )
in wet TBP in water water to 100%
H2O saturated TBP
NaPic
KPic
70 -5.86
85 -5.35
95 -4.87
100 -4.71
70 0.61
85 0.78
95 0.86
100 0.92
(a)
(c)
5.06 (b)
12.22
(d)
-9.77
-11.30
(a) this work, obtained from plot of AH^^^^ in wet TBP against
% saturation with water. By least squares analysis, 
slope=0.03906, intercept=-8.613, r=0.99.
(b) this work, from Table 10.19, averaged value, compares well
with AH , =4.84 kcal mol”  ^at concentration of 1.6 x 10”  ^Msoln
(ref.273).
(c) this work, least squares analysis on the plot of AH°^^^ 
against % saturation with water gives, slope=0.0102, 
intercept=-0.1028, r=0.99.
(d) from ref.266.
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5.2 STANDARD ENTHALPIES OF TRANSFER OF THE LIGANDS
The enthalpies of solution of 18-crown-6 have been deter­
mined in various solvents: water (Table 10.15), 70/30 wt.%
methanol/water (Table 10.16), and methanol (Table 10.17).
As expected, there is no variation of the enthalpies of solution
— 3 —3with the concentration of 18-crown-6 (2 x 10 to 1 x 10 M), 
and the averaged value is taken to be the standard enthalpy of 
solution. Similarly, the standard enthalpies of solution of 
18-crown-6 have been obtained in pure TBP, 35, 70, 85 and 95% 
water saturated TBP (refer Table 10.18). There is a decrease 
in enthalpy of solution as the content of water in TBP gets 
higher. A plot of against the solvent composition is
shown in graph 5.1, and the value of for 18-crown-6 in
100% water saturated TBP is obtained by extrapolation.
Table 5.5 Standard enthalpies of solution of 18C6 in water, 
methanol/water (70/30 wt.%), methanol and TBP 
(100% saturated with water) and deduced standard 
enthalpies of transfer (in kcal mol"^ ^t 298.15 K).
Solvent AH°(from water)
Water -5.31 0
MeOH/HgO 2.80 8.11
MeOH 8.27 13.58
Wet TBP 7.53 12.84
Dry TBP 9.28 14.59
Table 5.5 records the standard enthalpies of transfer of
18C6 from water to various solvents. It is interesting to note
that for cryptand 222 in water and methanol equals -5.91
and 8.01 kcal mol”  ^respectively^^^, giving a AH° value of 13.92 
—  1kcal mol , which is very similar to that of 18-crown-6, although
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their structures are quite different.
5.3 STANDARD FREE ENERGIES OF TRANSFER OF UNIVALENT IONS 
FROM WATER TO METHANOL/WATER (70/30 wt.%)
No comprehensive results on the standard free energies of 
transfer of single ions from water to methanol/water have hi­
therto been reported. Although direct measurements have not 
been carried out in this work, various literature data have 
been put together, and the best set of interpolated values 
obtained. Table 5.6 records the values for the transfer from 
water to methanol/water (70/30 wt.%).
Table 5.6 Single ion free energies of transfer from water 
to methanol/water (70/30 wt.%)(molar scale, at 
298.15 K,Ph^PBPh^ assumption)
Ions AG°(kcal mol )^ Ions AG° (kcal mol  ^)
h "^ -0.17^^^ Cl” 1.58(3^
Li"^ 0.83 Br“ 1 .1 3 (a)
Na"^ 1.78^^V I" 0 .4 3 (a)
1.90 CIO.” 0 . 2 1 (c)
Rb"^ 1.89^^V Pic -0 .9 1 (b)
Cs"^ 1 .7 5 (3^ BPh." -4 .4 5 (b)
Ag+ 1.53
4
1.47
+
Me .N 0.96^^^
Pr.N^ -1 .4 9 (c)
+ph^p -4 .4 5 (b)
(a) from ref. 274 (b) from ref.2 (C) from ref.275 (d) from ref.
(e) estimated value from ref.61.
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5.4 STANDARD FREE ENERGIES OF TRANSFER FOR VARIOUS LIGANDS
5.4.1 Introduction
Two common methods are employed in the determination of 
the free energy of transfer of a nonelectrolyte: distribution
of the substance between the two solvents concerned and solubi­
lity studies of the substance in both solvents.
(a) Distribution Studies
When the two solvents are immiscible, the observed dis­
tribution constant, D^  ^can yield the free energy of transfer 
for the substance.
=  W s l  / W s 2
where L is the substance under investigation, SI and S2 denote 
solvent 1 and 2. S2 is usually the organic solvent. It follows 
that for a ligand,
AG°(L) from SI to S2 = -RTlnD^ (5.6)
Corrections, however, have to be made if the two solvents are 
appreciably miscible or the substance associates, dissociates 
or solvolyses in either phase.
When the two solvents are highly miscible, the distribution 
constant may be obtained from the distribution studies of the 
substance between solvent 1 and 2 with a common mutually immis­
cible third solvent, S3: Thus,
"^1 = / (l)si (5.7)
°2 " / (^)s2 (S-8)
where D^ and D2 are experimentally observed values. Then, 
from equation 5.5:
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= D-./D. (5.9)'L I' 2
(b) Solubility Studies
Solubility studies are suitable for substances of low 
solubilities in the pair of solvents concerned. If the molar 
solubilities in the two solvents are and / then
AG° = -RTln(Mg2/Mgi) (5.10)
provided that the same solid phase is present in each saturated 
solution and the secondary medium activity coefficient of the 
nonelectrolyte is unity.
5.4.2 Standard free energies of transfer of 18-crown-6 from 
water to various organic solvents
From the distribution studies of 18-crown-6 between water
and n-tetradecane and between various solvents and n-tetradecane,
the distribution constants of 18-crown-6 between water and the
organic solvents are deduced. These results together with the
calculated free energies of transfer are shown in Table 5.7.
Table 5.7 Determination of AG^{18C6) from water to various
fa)solvents by distribution experiments , at 298.15 K
Solvent (S) Distribution 
constant between 
S and n-tetra- 
decane
Deduced 
bution 1 
between 
and S
distri-
constant
water
AG°(18C6) 
water to S 
(kcal mol~^ , 
molar scale)
H2O 0.001057 -
MeOH/H20 0.00079 1.3380 -0.17
(70/30wt.%)
MeOH 0.01180 0.0896 1.43
PC 0.04287 0.0247 2.19
DMSO 0.03323 0.0318 2.04
DMF 0.05622 0.0188 2.35
MeCN 0.10115 0.01045 2.70
TBP(100% H2O saturated) 0.0135 2.55
n-tetradecane 0.00106 4.06
(a) this work, results from Tables 11.1-11.8.
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5.4.3 Standard free energies of transfer of dibenzo-18-crown-6 
from water to various organic solvents
Solubility studies of dibebzo-18-crown-6 were carried out 
in water, methanol/water (70/30 wt.%) and methanol. The UV 
spectra of the solutions were checked regularly to ensure that 
no decomposition of the solute had taken place. After a lengthy 
period of equilibration the absorbance of the solution became 
stationary and was recorded as the value for the saturated 
solution. These results, together with literature values are 
given in Table 5.8.
Table 5.8 Determination of AG°(DB18C6) from water to various
solvents by solubility measurements and distribution 
experiments, at 298.15 K.
Solvent S Solubility 
(mol 1-1)
Deduced distribu­
tion constant 
between water and S
Deduced AG°(DB18C6)
from water to S 
(kcal mol-1, molar 
scale)
HgO
MeOH/H.O
MeOH
PC
DMSO
DMF
MeCN
TBP (100%
H^O saturated)
1.063xl0-5(a)
2.0 xlO-S(b) - —
1.28 xlO-s(c)
1.052xl0-3(^) 9.9o(^) -2.72^^^
8.79 xio-4(a) 8.27 -2.62^^)
1.38 xio-3(b)
1 xio-3(d)
1.56 xlO-2 1468 -4.32
4.8 xlO-2(b) 4515 -4.99
5.6 xio-2(b) 5268 -5.08
6.34 xlO-2(b) 5964 -5.15
7.9 xlO-2(d)
344 (e) -3.46 (e)
(a) this work, from Tables 12.2-12.4 (b) from ref.223 (c) from 
ref.222 (d) from ref.147 (e) this work, by direct distribution 
experiments, from Table 11.9.
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5.4.4 Standard free energies of transfer of crvptand 222 from 
water to various organic solvents
The results from distribution studies are shown in Table
5.9. The concentrations of 222 in the aqueous phases in the
systems n-tetradecane/water and 1-octanol/water have been
corrected for the protonated species of 222. Cryptand 222 is
277a diacidic base, having pKj^=9.60 and pK2=7.28 , where and
K2 refer to the equilibria 5.11 and 5.12 respectively:
LH"^  -■■■ —1— X L + (5.11)
LH2 *2 t LH"*" + (5.12)
In order to correct for the protonated species of 222, one needs 
only to use the larger values which is the first protonation. 
Consider the following hydrolysis:
222 + H2O 222H+ + OH" (5.13)
= (222H+)(oH") y/ (2 2 2 ) (5.14)
assuming the activity coefficients of (222H^) and (OH") are 
unity. Let the molar concentration of 222, without correction 
be A and that of (222H^) and (OH") be x, then,
= x^ / (A-x) (5.15)
X  can then be calculated and the corrected concentration of 
222 will be (A-x).
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Table 5.9 Determination of AG. (cryptand 222) from water to
(a)various solvents by distribution experiments , 
at 298.15 K.
Solvent S Distribution constant Deduced distribution AG°(222)
between S and n-tetra— constant between water to S
decane water and S (kcal mol"^  in 
molar scale)
H2O
MeOH
0.01868 
0.0870 (c) 0.21470 0.91 
1.00(^ )
PC 0.3830 0.04877 1.79
DMSO 0.3147 0.05936 1.67 
1.51(^ )
DMF 0.1615 0.11567 1.28 
1.60 (^ ^
MeCN 0.1389 0.13449 1.19 
1.10(^ )
1-octanol - 0 .7 9 7 5 0 (b) 0.13
n-tetradecane - 0.01868(b) 2.36
(a) this work. result from Tables 11.10-11.15, unless otherwise
stated.
(b) corrected for the protonated species of 222.
(c) from ref.240.
(d) from ref.244, by solubility studies of the perchlorate 
salts of alkali metal and silver cryptâtes.
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CHAPTER 6
DETERMINATION OF THERMODYNAMIC PARAMETERS OF COMPLEXATION
6.1 INTRODUCTION
When a ligand complexes with a cation, often the complexa­
tion is not complete and there is an equilibrium established:
+ K
M + L r-! M L
= =M+L / V  (6-1)
The enthalpy of such a process is by convention, expressed in 
(energy unit) per mol of the complex formed. Hence the amount 
of (M^ L) formed in each measurement should be known, before 
the enthalpy of complexation AH^, can be worked out from the 
observed heat:
AHc = (Qobs* 1000) / (V- (M+L) ) (6.2)
where V is the final volume of reaction mixture in the calori- 
metric vessel and (m'*’l ] is the molar concentration of (M^ L) .
If the complexation is complete, then AH^ can be obtained from 
Qobs by knowing the amount of the salt or the ligand, whichever 
is present in the smaller concentration:
= Qobs / " (0.4)
where n is the gram-mol of the substance present in smaller 
concentration.
Various techniques employed in the determination of the
complexation constant ,have been outlined in section 2.3.2.
Titration calorimetry (section 2.3.2.3) has been extensively
181221used by Izatt and co-workers ' to evaluate the complexation 
constant simultaneously with the enthalpy change. In the present 
work, it is shown that batch calorimetric measurements can also
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be used to determine the complexation constant simultaneously 
with the enthalpy change. In fact the present method allows 
determination of a larger range of logK^ (from one to six), as 
compared to (one to four) titration calorimetry.
6.2 SIMULTANEOUS DETERMINATION OF THE COMPLEXATION CONSTANT 
AND THE STANDARD ENTHALPY OF COMPLEXATION USING RESULTS 
FROM A BATCH CALORIMETER
6.2.1 Computer treatment of calorimetric results
Several observed heats of complexation obtained from 
measurements using LKB 8700 calorimeter were corrected for the 
heat of dilution and ampoule breaking before being used in a 
computer iterative calculation to evaluate the most probable 
logK^ and AH° values. The concentration of the ligand was 
fixed, while that of the salt in different runs varied. As 
the ratio of salt concentration/ligand concentration was varied 
from one to ten or more the corrected heat also increased, due 
to the increasing amount of complexation.
A range of log values, together with the corrected heats 
of complexation, concentrations, and other parameters are fed 
into a computer programme 'DELHLK'. This programme will calcu­
late for each assumed logvalue, by an iterative procedure, 
the concentration of M L, and then the standard enthalpies of 
complexation (AH°) for each O^orr Wintered and the standard 
deviation of the sample, S. Thus, for each logK^ value, there 
will be an averaged AH° and the standard deviation, S. When 
the assumed log value is far away from the correct value, the
AH values vary considerably, and hence give rise to a large 
c
standard deviation. The minimum deviation is observed when the 
assumed l o g v a l u e  coincides with the actual value. The
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summarised results given in Table 6.1 illustrate this.
Table 6.1 Trial and error determination of log K and
+ fa) ^ ^for Cs /18C6 in methanol .
Log K oo 4 .6 9 (b) 4.50
, . , _Ac)
(cs I“J kcal mol
2 X  10"4 -10.40 -12.26 -13.16
5x10"^ -1 1 . 6 6 -12.28 -12.61
10 X  10"4 • -11.97 -12.26 -12.43
Averaged value(^V -11.34±0.70 -12.27±0.28 -12.73±0.43
(a) concentration of 18C6 was 9.95025 x 10  ^M. (b) among all 
other log values, the value of 4.69 gave the smallest standard 
deviation, hence it is the most probable value, (c) each value 
is an average of 5 identical runs, (d) this is an averaged value 
of 15 runs.
The programme ’DELHLK' and the results of treatment of a 
set of experiments are included in the appendix. The outline 
of the programme follows:
With a given value of log K^, the computer will calculate
the molar concentration (corrected for the activity coefficients
of M L and M ) of the complexed cation, (M L), by equation 6.5:
2(m +l) = |(m+) + (lJ  + f^+^/(f^+.KjJ{(M+) + (lJ
^ (6.5)
where is the molar concentration of the complexed cation
formed, (wt j and j^ L^ jare the initial molar concentrations of the
salt and ligand, f^^^ and fj^ + are the activity coefficients of
the species M^L and M^, and is the assumed complexation
constant. Equation 6.5 can be derived from equation 6.1.
For the initial calculation, f..+^  and f..+ are assumed toM L  M
be unity. Once (m '^l ] is estimated, , which is the concen­
tration of the cation in the equilibrium mixture can be obtained
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from (wt j - . Values of and are then used to
estimate f^ +^^  and f^+, using the extended.Debye Huckel equation;
log f = -(AC^) / (1 + Sbc '^) (6.6)
where A = 1.8246 x 10^ / (6T) (6.7)
B = 50.29 / (ET)^ i (6.8)
where £ is the dielectric constant of the solvent, T in degrees K,
C is the molar concentration of the ionic species concerned, and
§ is the ion size parameter; values of 8.0 2 and 4.0 2 are used
for M^L and respectively. These f.,+^  , f^ ,+ values areM L  and M
then substitued back into equation 6.5, still using the same
to find yet another value for m^ "^l ] , this new value is used
in turn to calculate a better and f„+ which are then usedM+L M
in equation 6.5 to evaluate a new ^M+b). The iteration will
stop when the value of converges. The final ^M^bj is
then used to calculate the value of each Q entered,c corr
using equation 6.2, and the standard deviation of the sample,S, 
obtained by equation 6.9:
S = |5:(AH° - ÂH°)^ /  (n-l)P (6.9)
-____ Q
where AH^ is the mean standard enthalpy of complexation, and n
is the number of runs. The next assumed value of log K willc
then be taken up and the same iterative calculations carried 
out.
It must be pointed out that this method has its limitations:
(a) the log value should fall within one to six; when it is
bigger than six the S value becomes insensitive to the variation
of log K .hence it is difficult to determine the correct log K  ^ c ' c
value. On the other hand, when log K falls below one, thec
complexation is so incomplete that accurate measurement of the 
heat becomes difficult, (b) the enthalpy of the complexation
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process should be reasonably large, so that it can be accu­
rately measured.
The uncertainty of the log value cannot be directly 
measured. However, it may be estimated from that of the 
AH° value, as the following figure illustrates:
log Kc
—  f  —4-5correct 
log K -s
correct
AH^ value
Fig.6.1 Estimation of the uncertainty of log value
6.2.2 Results from computer treatments
The summary of AH° and log values for complexation of 
various univalent cations with 18-crown-6 in different solvents 
and those of Na and K with dibenzo-18-crown-6 in methanol 
and methanol/water are given in Tables 6.2-6.6. The uncertain­
ties of the log values are estimated by the method described 
in section 6.2.1. In most cases the errors range from ±1 to 
i4 %. Table 6.2 shows the comparison of both A a n d  log 
values obtained by titration calorimetry in methanol solvent 
(refer to Table 2.8 for various other literature values). It
is obvious that both AH° and log K values obtained by thec  ^ c
present method compare very well with those from the literature
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Table 6.2 Thermodynamics of complexation between 18C6 and
various cation in methanol, molar scale at 298.15 K
Cations
(kcal mol~^ )
Log K AG AS
(kcal mol cal K  ^mol ^
(a) (a)
4. (a) (a)
Li^ -0^42 + 0.04 2.05 0.14 -2.80 7.98,
4. (a) (a)
Na -7.66 + 0.26
(b)
4.49 + 0.15
(b)
-6.13 -5.13
’ -8.4 + 0.3 4.36 + 0 . 0 2
k'*' -13.00 +
(a) 
0.55
(b)
6 . 1 0
(c)
(b)
-8.32 -15.70
-13.41 + 0.06 6.06 + 0.03
Rb"^ -1 2 . 2 0 +
(a) 
0.19
(b)
5.27 +
(a) 
0 . 2 2
(b)
-7.19 -16.80
-12.09 + 0.05 5.32 + 0 . 1 1
4. (a) (a)
Cs -12.27 + 0.28
(b)
4.69 + 0.13
(b)
-6.40 -19.69
-11.29 + 0.07 4.79 + 0.05
4. (a) (a)
Ag -9.66 + 0.42 4.72 + 0 . 2 2 -6.44 -10.80
(b)
+ (b)-9.15 + 0 . 1 1 4.58 0.03
4. (a) (a)
NH4 -10.38 + 0.44 4.23 + 0.13 -5.77 -15.46
(a) this work, from Tables 10.22-10.24, 10.27-10.29 and 10.31.
(b) from ref.230, titration calorimetry, (c) from ref.171.
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Table 6 .3 Values of and Ag^ for complexation of 18C6 with
various cations 
at 298.15
in MeOH/H-O (70/30 wt.%). molar scale
Cations AH°
(kcal mol )
Log
-1(kcal mol ) calK mol
nh/ -4.71 ± 0.45 3.27 ± 0.13 -4.46 -0.84
-4.54 ± 0.48 3.04 ± 0.10 -4.15 -1.31
(a) this work, frcm Tables 10.30 and 10.32.
Table 6 .4 Values of AH^ and AG^ for complexation of 18C6 with
various cations in DMSO, molar scale at 298.15 K.
Cations AH° Log K AG
 ^ — 1 (kcal mol )
(j c
(kcal mol )
(b)
1 .4 1 1 0 .0 7 (c)
(b)
Na"*" — 1.37 -1.87
-7.72+0.23^^^ 3.28+0.04
1 .4 3 (c)
3 .2 1 (c) -4.47
Rb*^ 3.01
3.04+0.04(^ )
-4.11 ,
CS + - 2 . 2 1 -3.02
Ag+
T1+
< 1.08 
2.07 1.92±0.01(c)
>-1.47
-2.82
- 1.67 -2.28
(a) this work, from Table 10.25. (b) log for (K^ /18C6) has been 
determined calorimetrically, refer Table 10.25. This value is
then used to give other log K values, whose relative values
+  ^to T1 18C6 have been determined using NMR method by other
workers (ref.276), uncertainty in the stability constant ratio
was ± 6 %. (c) from ref.234. (d) from ref.184 (e) from ref.223.
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Table 6.5 Values of AH° and AG^ for complexation of 18C6o c
with various cations in DMF, molar scale at 
298.15 K.
Cations AH° Loa K AG°c
(kcal mol )
c —1
(kcal mol" )
(b) (b)
Na"^ - 2.53 2.23+0.0 4 (c) -3.45
-8.82+0.0 5 (c) 4.16+0. 0 4 (c) -5.68
Rb"^ - 3.95 -5.39
Cs*’ — 3.79 3.93±0.15(^) -5.17
Tl"*" - 3.79 3.35+0.06(c) -5.17
(a) this work, from Table 10.26. (b) log for (K^18C6) has 
been determined calorimetrically, refer to Table 10.26. This
value is then used to give other log K values whose relative
+ ^
values to (T1 18C6) have been determined, using NMR method, by
other workers (ref.228) , uncertainty in the stability constant 
ratio was +10%. (c) from ref.234. (d) from ref.184.
Table 6.6 Values of AH_, AG for complexation of DB18C6 with
4- +Na and K in MeOH/HgO (70/30 wt.%) and MeOH, molar 
scale, at 298.15 K(&).
Solvent Cations AH°
(kcal mol )
Log
(kcal mol )
Na+ -5.15+0.30 3.46±0.12 -4.72
MeOH/HgO K+ -6.75+0.46 3.94±0.15 -5.38
Na**" -ll.88il.98 3.86+0.35 -5.27
MeOH
K*^ -10.89+0.70 5.18±0.5 -7.07
(a) all this work. from Tables 10. 33-10.36.
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6.3 DETERMINATION OF ENTHALPIES OF COMPLEXATION BETWEEN A
CATION AND A LIGAND IN MEDIA OF LOW DIELECTRIC CONSTANT
In media of low dielectric constants, the heat due to the 
dissociation of the salt (M+X~) and the association of the com­
plexed cation (M^ L) with the counterion (X“) become important 
during a complexation reaction. The observed heat, after cor­
rection for heat due to initiation of the reaction (such as 
ampoule breaking and heat of dilution of the substance in the 
ampoule) can no longer be treated as the heat of complexation 
of M with L alone. When the complexation constant, the disso­
ciation constant of the salt and the association constant of 
the complexed cation with the counter ion are not known, there 
is no way of calculating the enthalpy of complexation directly.
In the present work, the heat measured during complexation 
reaction of Na^ and K*^  (picrate) with 18-crown-6 in wet tri-n- 
butylphosphate (dielectric constant of 11.22, refer section 12.1) 
was used to calculate the apparent enthalpy of complexation 
(AH^^^) by using equations 10.17 and 10.18.
Several AH^^^ values were obtained at different concentra- c
tions of the salt and were then plotted against the latter, and 
on extrapolation to infinite dilution, the intrinsic AH^ value 
may be obtained. It was of course assumed that the heats other 
than that of complexation of M with L became negligible at
infinite dilution.
It was found that in all cases, a plot of Ah^^^ against 
M^*’x”j yields a line of smaller curvature than a plot against 
^M^X”j"^. Detailed results are given in Tables 10.37-10.42.
The calorimetric measurements were carried out in 70%, 
85% and 95% water-saturated TBP, for reasons mentioned in 
section 5.1.3. Values of AH^ obtained in each of these
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solvents were then plotted against the percentage saturation
of TBP with water in order to obtain in 100% water satu-c
rated TBP (see graphs 6.1 and 6.2). Plots against and
mol fraction of water were also obtained. They all gave the 
same AH° for 100% water saturated TBP.
A summary of the AH° values of Na'*’ and K"’* with 18C6 in
wet TBP is given in Table 6.7.
Table 6.7 AH° of 18C6 with Na^ and (Pic") in wet TBP, in
kcal mol"l at 298.15
Cation % Saturation with H_0 a h °
Na^ 70.0 -0.42
80.0 -0 . 6 6
95.0 -1 . 0 0
1 0 0 . 0 (-1.25)
K+ 70.25 -8.54
85.87 -6.39
95.0 -4.10
1 0 0 . 0 (-2 .1 0 )
(a) detailed results in Tables 10.37-10.42, also see graphs
6 . 1  and 6 .2 .
(b) extrapolated result.
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Graph 6.1: Plot of standard enthalpies of complexation 
of NaPic with 18C6 against the solvent
compositions
-400
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o u
- 1000 '
-1200  '
in 100% water saturated TBP 
= -1250 cal mol
-1400
100%
% saturation of TBP with water
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Graph 6.2: Plot of standard enthalpies of 
complexation of KPic with 18C6 
against the solvent compositions
-9000
-7000-
-6000"
o o
-4000-
-3000-
in 100% water saturated TBP 
= -2100 cal mol"^
-2000.
-1000-
70100 90 80
% saturation of TBP with water
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CHAPTER 7
THE STANDARD THERMODYNAMIC PARAMETERS OF TRANSFER OF COMPLEXED 
CATIONS AB°(M'^L) from WATER TO VARIOUS ORGANIC SOLVENTS.
7.1 CALCULATION OF STANDARD THERMODYNAMIC PARAMETERS OF 
TRANSFER OF THE COMPLEXED CATIONS,AB°(M^L)
Having obtained from this work and from the literature, the 
standard thermodynamic parameters of transfer for the cations and 
ligands, and those of complexation of cations with the ligands, 
these can now be used to obtain the standard thermodynamic para­
meters of transfer of the complexed cations, (M^L), from water 
to other organic solvents, using equation 4.1. A series of 
univalent cations will be considered and the ligands 18-crown-6 
dibenzo-18-crown-6, and cryptand 222 will be used. Transfers 
from water to methanol/water (70/30 wt.%), methanol, propylene 
carbonate, dimethylsulphoxide, N,N-dimethylformamide and aceto- 
nitrile will be discussed. Tables 7.1-7.17 show the calculation 
of AG^(M^L), and Table 7.19 is a summary of the former tables.
Table 7.1 Determination of AG°(M^18C6) from H^O to MeOH/HgO
(70/30 wt.%), molar scale, in kcal mol  ^at 298.15 K.
Cation AG°(M+) AG°c, 0 AG°(M+L)
(a) (b) (b) (c)
Na"^ 1.78 -3.77 -1.09 -1.07
K+ 1.90 -5.91 -2.77 -1.41
Rb"^ 1.89 -4.72 -2.13 -0.87
Cs"^ 1.75 -3.88 -1.35 -0.95
Ag- 1.53 -4.15*'^ ^ -2.05 -0.74
NH4+ 1.47 -4.46(3) -1 . 6 8 -1.48
(a) from Table 5.6 (b) from Table 2.8 (c) calculated using
equation 4.1, AG°(18C6) =-0.17 kcal mol - 1 from Table 5.7.
(d) from Table 6.3.
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Table 7.2 Determination of AG° (M^18C6) from H^O to MeOH,
molar scale, in kcal mol”  ^at 298.15 K.
Cation AG°(M'*')
(a) (b)
AgC
(c)
AG°(M+L)
(d)
Li+ 0.85 -2.80 0.15 -0.67
Na^ 2.05 -6.13 -1.09 -1.56
K+ 2.35 -8.32 -2.77 -1.77
Rb"^ 2.45 -7.19 -2.13 -1.18
Cs"’* 2.30 -6.40 -1.35 -1.32
Ag'^ 1.84 -6.44 -2.05 -1.16
Tl"*" 0.95 -7.18(c) -3.10 -1.70
NH4+ 1.17 -5.77 -1 . 6 8 -1.49
(a) from Table 1.1; (b) from Table 6.2; (c) from Table 2.8;
(d) calculated using equation 4.1, AG^ (18C6)=1 .43 :kcal mol-1 ,
from Table 5.7.
Table 7.3 Determination of AG° (M+18C6) from H^O to PC,
molar scale, in kcal mol at 298.;15 K •
Cation AG° (M+) a g° AG° (M+L)
(a) (b) (d) (e)
Na"*" 3.21 -7.76 -1.09 -1.27
K+ 1.31 -8.62 -2.77 -2.35
Rb"*" 0.41 -7.26(c) -2.13 -2.53
CS+ -0.39 -6.17 -1.35 -3.02
Ag"^ 4.31 -9.69 -2.05 -1.14
Tl"*" 2.31 -9.73 -3.10 -2.13
(a) from Table 1.2; (b)from Table 2.8 (r);(c)from Table 2.8(e); 
(d) from Table 2.8 (d);(e)calculated from equation 4.1,AG°(18C6) 
=2.19 kcal mol”^,from Table 5.7.
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Table 7.4 Determination of AG. (M 18C6) from H_0 to DMSO,
molar scale, in kcal mol at 298.15 K.
Cation AG°(M+) AG° c, o AG°c AG° (M+L)
(a) (b) (c) (d)
Na"^ -3.20 -1.87 -1.09 -1.94
K+ -2.13 -4.47 -2.77 -2.79
Rb+ -2.49 -4.11 -2.13 -2.43
CS+ ,—3.11 -3.02 -1.35 -2.74
Ag"^ -8.53 >-1.47 -2.05 >-1.23
Tl"^ -5.11 -2.82 -3.10 -2.79
(a)from Table 1.3; (b)from Table 6.4; (c)from Table 2.8 (d);
(d)calculated from equation 4.1, AG° (18C6)=2.i04 kcal mol ,
from Table 5.7.
Table 7.5 Determination of AG°(M^18C6) from
« 2
0 to DMF,
molar scale, in kcal mol at 298 .15 K
Cation AG°(M+) AGc,o AG°(M+L)u
(a) (b) (c) (d)
Na"*" -2.29 -3.45 -1.09 -2.30
-2.44 -5.68 -2.77 -3.00
Rb+ -2.32 -5.39 -2.13 -3.23
Cs+ -2.58 -5.17 -1.35 -4.05
Tl"*" - 2 .75 -5.17 -3.10 -2.47
(a)from Table 1.4; (b)from Table 6.5 ; (c)from Table 2.8(d);
(d)calculated from equation 4.1, AG° (18C6)=2. 35 kcal mol ,
from Table 5.7.
Table 7.6 Determination of AG (M 18C6) from
— 1molar scale, in kcal mol at 298
« 2
.15
0 to MeCN, 
K.
Cation AG°(M+) < , o ■ AG° c AG° (M+L)
(a) (b) (c) (d)
3.3 -6 . 2 1 -1.09 0.9
K"*" 1.9 -7.78 -2.77 -0.4
Cs"^ 1 . 2 <Z -5.46 -1.35 < - 0 . 2
(a)from Table 1.5; (b)from Table 2.8; (c)from Table 2.8(d);
(d)calculated from equation 4.1, 'AG° (18C6)=2.70 kcal mol~^,
from Table 5.7
-108-
Table 7.7 Determination of AG°(M+DB18C6) from H2O to 
MeOH/HgO (70/30 wt.%), molar scale, in kcal mol 
at 298.15 K.
-1
Cation AG° (M+) 
(a)
AG°c,o
(b)
AG°c
(c)
AG® (M+L) 
(d)
Na+ 1.78 -4.72 -1.58 -4.08
K+ 1.90 -5.38 -2.27 -3.93
(a)from Table 5.7; (b)from Table 6 .6 ; (c)from Table 2.8(x);
(d)calculated from equation 4.1, AgC(d b18C6)=-2.72 kcal mol
from Table 5.8.
Table 7.8 Determination of AG°(M+DB18C6) from H^O to MeOH,
molar scale. in kcal mol at 298.15 k.
Cation AG°(M+)
< , 0
AG°c AG° (M+L)
(a) (b) (d) (e)
Na+ 2.05 -5.27 -1.58 -4.26
K+ 2.35 -7 .0 7 (c) -2.27 -5.07
Rb+ 2.45 -5.77 -1.47 -4.47
Cs+ 2.30 -5.29 -1.14 -4.47
Ag+ 1.80 -5.51 -1.93 -4.40
T1+ 0.95 -5.18 -2.05 -4.80
(a)from Table 1.1;(b)from Table 6 .6 ;(c)from Table 2 .8 (r);
(d)from Table,2.8 (x);(e)calculated from equation 4.1,
AG°(DB18C6)=-2.62 kcal mol , from Table 5.8.
Table 7.9 Determination of AgC(M+DB18C6) from HU - gO to PC,
molar scale, :in kcal mol” , at 298.15 K.
Cation AG°(M+) AG° c, 0 AG° (M+L)
(a) (b) (d) (e) .
Li+ 5.51 -4.46(c) >-1.36 >-1.91
Na+ 3.21 -5.2 3 (c) -1.58 -4.81
K+ 1.31 -7.00 -2.27 -7.74
Rb+ 0.40 -5.33 -1.47 -7.77
Cs+ -0.39 -4.52 -1.14 -8.09
Ag+ 4.31 -7.94 -1.93 -6 . 0 2
T1+ 2.31 -6.89 -2.05 — 6 .85
(a) from Table 1.2; (b) from Table 2. 8 (r) ; (c) from Table 2.8(d);
(d)from Table 2.8(x);(e)calculated from equation 4.1,
from Table 5.8AG°(DB18C6)=-4.32 kcal mol"^
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Table 7.10 Determination of AG°(M+DB18C6) from H_0 to
t 2
DMSO, molar scale, in kcal mol , at 298.15 k
Cation AG°(M+) 4G°.o AG° (M+L)
_ _ . (a) (b)_ (d) . (e)_
Na+ -3.20 -2.63 -1.58 -9.24
K+ -3.13 -3.36 -2.27 -9.21
Rb+ -2.49 -2:59 -1.47 -8.60
Cs+ -3.11 -1 .7 7 (c) -1.14 -8.73
(a)from Table 1.3;(b)from Table 2.8 (r);(c)from Table 2.8(u);
(d)from Table 2.8(x); (e)calculated from equation 4.1,
AG°(DB18C6)=-4.99 kcal mol ,from Table 5.8.
Table 7.11 Determination of AG° (M+DB18C6) from HgO to
DMF, molar scale, in kcal mol”  ^at :298.15 K.
Cation AG°(M+) AG° AG° (M+L)
(a) (b) (d) (e)
Li+ -2.39 - >-1.36 -
Na+ -2.29 -3.27 -1.58 -9.06
K+ -2.44 -3.82 -2.27 -9.07
Rb+ -2.32 -2 . 8 6 -1.47 -8.79
Cs+ -2.58 -2 .0 5 (c) -1.14 -8.57
(a)from Table 1.4;(b)from Table 2.8 (r);(c)from Table 2.8(u);
(d)from Table 2.8(x); (e)calculated from equation 1.4,
AG°(DB18C6)=-5.08 kcal mol , from Table 5.8.
Table 7.12 Determination of AG° (M+DB18C6) from to
MeCN, molar :scale, in kcal mol at 298.15 K.
Cation AG^\M+) AG:,o AG°c AG° (M+L)
- (a) (b) (c) (d)
Na+ 3.3 -6.82 -1.58 -7.09
K+ 1.9 -6.41 -2.27 -7.39
Rb+ 1.5 -5.05 . -1.47 -7.23
Cs+ 1.2 -4.77 -1.14 -7.58
T1+ 2.2 —6 . 6 8 -2.05 -7.58
(a)from Table 1.5;(b)from Table 2.8(h), value at 295 K;
(c)from Table 2.8(x);(d)calculated from equation 4.1,
AG°(DB18C6)=-5.15 kcal mol” ,^ from Table 5.8.
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Table 7.13 Determination of AG°(M+222) from H^O to MeOH,
-1molar scale, in kcal mol , at 298.15 K.
Cation AG°(M+) < o AG°c AG° (M+L)
(a) (b) (c) (d)
H+ 2.49 -1 4 .6 2 (c) -13.64(c) 2.42
H+(with H+222) 2.49 -12.31(c) -1 0 .2 7 (c) 2 .8 7 (c)
Li+ 0.85 - 3.55 - 1.71 -0.08
Na+ 2.05 -10.83 - 5.42 -2.45
K+ 2.35 -14.46 - 7.45 -3.75
Rb+ 2.45 -12.25 - 5.78 -3.11
Cs + 2.30 - 6.00 - 1.97 -0.82
Ag+ 1.80 -16.64 -13.10 -0.83
T1+ 0.95 -13.78 - 8.73 -3.19
(a) from Table 1 .1 ; (b) from Table 2.9(c); (c) from Table 2.9
(d) calculated 
from Table
from equation 4.1, AG° 
5.9.; (e) using AG°(H+
(222)=0.91 kcal mol ^, 
222) =2 . 42 kcal mol  ^.
Table 7.14 Determination of AG. (M 222) from H_0 
molar scale, in kcal mol at 298.15
to PC, 
K.
Cation AG°(M+) "<^0,0 AG°c a g C(m +l)
(a) (b) (d) (e)
Li+J- 5.51 - 9.47 - 1.71 -0.46
Na+ 3.21 -14.38 - 5.42 -3.96
K+ 1.31 -15.27 - 7.45 -4.72
Rb+ 0.41 -12.31 -. 5.78 -4.33
Cs+ -0.39 - 5.70 - 1.97 -2.33
Ag+ 4.31 -22.28 -13.10 -3.08
T1+ 2.31 -16.29(c) - 8.73 -3.46
(a) from Table 1.2; (b) from Table 2.9(a); (c) from Table 2.9(b); 
(d) from Table 2.9(c); (e) calculated from equation 4.1,
from Table 5.9.AG°(222)=1.79 kcal mol ^
Table 7.15 Determination of AG. (M 222) from H_0 to
—  1DMSO, molar scale, in kcal mol at 298.15 K
Cation AG°(M+) AG° (m+L)
Li+
(a) (b) (d) (e)
-3.59 >-1.36 - 1.71 >-1.57
Na+ -3.20 -7.26 - 5.42 -3.37
K+ -3.13 -9.70 - 7.45 -3.71
Rb+ -2.49 -7.98 - 5.78 -3.02
Cs + -3.11 -1.91 - 1.97 -1.38
Ag+ -8.53 -9.82 -13.10 -3.58
T1+ -5.11 -8 .4 5 (c) - 8.73 -3.17
(a) from Table 1.3;(b) from Table 2.9(a); (c) from Table 2.i
(d) from Table 2.9(c) ; (e) calculated from equation 4.1,
AG°(222) =1.67 kcal mol , from Table 5.9.
Table 7. 16 Determination 
molar scale.
of AG°(M+222) from 
-1in kcal mol at 298
H^O to DMF, 
.15 K.
Cation AG°(M+) AG° (M+L)
(a) (b) (d) (e)
Na+ -2.29 - 8.42 - 5.42 -4.01
K+ -2.24 -10.89 - 7.45 -4.60
Rb+ -2.32 - 9.25 - 5.78 ^4.51
Cs+ -2.58 - 2.95 - 1.97 -2.28
Ag+ -5.02 -13.74 -13.10 -4.38
T1+ -2.75 -1 0 .5 0 (c) - 8.73 -3.24
(a) from Table 1.4; (b) from Table Table 2.9(a); (c) from 
Table 2.9(g); (d) from Table 2.9(c); (e) calculated from
from Table 5.9equation 4.1, Ag°(222)=1.28 kcal mol ^
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Table 7.17 , Determination 
molar scale.
of AG°(M+222) 
—1in kcal mol
from H2O 
at 298.15
to MeCN, 
K.
Cation AG°(M+) AG°(M+L)
+ (a) (b) (d) (e)
Li 6.5 - 9.55 - 1.71 -0.2
Na+ 3.3 -13.10 - 5.42 -3.2
K+ 1.9 -15.40 - 7.45 -4.9
Rb"^ 1.5 -12.96 - 5.78 -4.5
Cs"*” 1.2 - 6.23 - 1.97 -1.9
Ag^ -5.4 -12.26 -13.10 -3.4
T1+ 2.2 -16.78(c) - 8.73 -4.7
(a) from Table 1.5; (b) from Table 2.9(a); (c) from Table 2.9(g); 
(d) from Table 2.9(c); (e) calculated from equation 4.1,
AG°(222)=1.19 kcal mol"^, from Table 5.9.
7.2 THERMODYNAMICS OF COMPLEXATION BETWEEN CATIONS AND LIGANDS, 
AND THE TRANSFER OF THE CATIONS AND LIGANDS
7.2.1 Complexation between cations and ligands
The factors that govern the stability of the macrocycle 
complexes have been a subject of thorough discussion of many 
reviews^^'^^'^^^'^^^1 It is beyond doubt that some of the 
important factors include: relative sizes of the cavity of
the macrocycle and the cation, spatial distribution of ring 
binding sites, the character of the bonding atoms, the presence 
of additional binding sites, the presence of substituent groups 
and the type of solvent used.(see also section 2.3.1).
Some of these factors are well illustrated by results of 
the present work and also the literature data cited in Tables 
7.1-7.17. In these studies, three ligands, 18-crown-6, dibenzo- 
18-crown-6 and cryptand 222 complexing with the alkali metal 
ions and Ag+, T1+, NH^+ have been studied in water, methanol/water, 
propylene carbonate, dimethylsulphoxide, N,N-dimethylformamide
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and acetonitrile. The free energies of complexation as cited 
in Tables 7wl-7.17 for the alkali metal ions have been summa­
rised and illustrated graphically (graphs 7.1-7.3).
The complexation between cations and these macrocyclic 
ligands involve mainly electrostatic interaction. The cations 
and the ligands could be thought of as having to be stripped 
off of all or some solvent molecules before complexation could 
take place, whereby the sites of solvent binding would be taken 
over by the electrostatic interactions between the cation and 
the heteroatoms of the macrocycle. The energetics of this de­
solvation and electrostatic interaction process • together with 
other relevant processes such as conformational changes of the 
ligand etc. would determine how stable the complex is going to 
be.
+ + +Among the cations studied, Ag , T1 and NH^ do not usually
fall into the same trend as other alkali metal ions. This is
because Ag^ and Tl^ are more polarisable and exhibit a certain
amount of covalent character in their bonding with the hetero-
278 +atoms of the ligand . The ammonium ion NH^ , due to its
peculiar structure and configuration, exhibits two distinctive
179 220features in interaction with the crown ethers / :
(a) capability of H-bonding and (b) tetrahedral arrangement of 
protons about the central nitrogen atom. This tetrahedral 
arrangement leads to three protons interacting with three alter­
nate oxygen atoms of the 18-crown-6 ring and the central nitrogen
atom sticking out of the cavity with the fourth hydrogen pointing
155away from the ligand
From graphs 7.1-7.3, it is apparent that for all the three
ligands studied, there is a selective complexation with the
best fit cation (ratio of size, M^/Lhc 1) which is K^, except
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Graph 7.1: Plot of standard free energies of complexation of 18G6 with
various cations against the ratio of cation size/ligand cavity
size
MeOH
MeCN
DMF
o o
C D
DMSO
0.8 1.00.9 1.1 1.2 1.3
Na' r  Rb'
Cation size/ligand cavity size
Cs
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Graph 7.2: Plot of standard free energies of complexation 
of DB18C6 with various cations against the 
ratio of cation size/ligand cavity size
70/30 vit.% 
MeOH/H.O
MeOH
MeCN
DMF
DMSO
0.8
++r ++ CsRbK
Cation size/ligand cavity size
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MeCN14.
MeOH
j^ lO-
DMF
DMSO
Graph 7.3: Plot of standard free energies of 
complexation of 222 with various 
cations against the ratio of 
cation size/ligand cavity size
Cation size/ligand cavity size
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for one case: Na^ is best complexed with DB18C6 in acetonitrile,
The selective complexation of ligands with is primarily due 
to a larger enthalpy contribution (see Table 6.3 and ref. 240). 
The exception may be explained by the rigidity and electron- 
withdrawing caused by benzene rings which reduce the interaction 
of the ligand with the cation.
Generally speaking, the complexation constant with crown 
ethers increases in the following order, with respect to the
solvents: H20< DMSO< DMF< M.eOH/H20 (70/30 wt. %)< PC< MeOH.
/
Whereas that of cryptand 222 increases in the following order: 
H20<C DMSO< DMF< MeOH< AN. There is no simple variation 
with the dielectric constant of the solvents, although, there 
is a near linear relationship between AG^ and reciprocal of 
the dielectric constant for the protic solvents: water,
methanol/water and methanol.
Table 7.18 Some physical properties of various solvents at 298 K.
Solvents Dielectric Constant ^ ^  . , 280,281 Gutman's donor number
Water 78.36 2 4 .3 (3^
Methanol/4'Iater 
(70/30 wt.%)
47.1 - .
Methanol 32.62 25.7
Propylene carboiate 64.5 15.1
Dimetl^ lsulphoxide 46.68 29.8
N, N-dimethylformamide 36.71 26.6
Acetonitrile 36.02 14.1
Water saturated TBP 11.22^ ^^ -
(a) this value for bulk water, (b) this work (see section 12.1).
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279This is in line with Agostiano and co-workers' finding 
that there is a regular increase of complexing constant for 
alkali cations with crown ethers in the order, water<methanol 
<Cethanoldn-propanol. As far as the dipolar aprotic solvents 
(PC, DMF, DMSO) are concerned, there is a regular variation 
with the Gutman's donor number: -AG° values are generally
larger in the solvent with lower donor number.
The free energies of complexation of the cryptand with
—  1the alkali metal ions are generally at least 4 kcal mol 
more negative than those of crown ethers. This is not unexpect­
ed as cryptand 222 has two extra binding sites, when compared 
with 18-crown-6.
7.2.2 Transfer of the cations
In referring to Tables 1.1-1.5 and 5.2, it is apparent 
that all simple alkali metal ions are not favourably trans­
ferred from water into methanol, methanol/water (70/30 wt.%), 
propylene carbonate and acetonitrile, whereas they are favou­
rably transferred from water to highly dipolar aprotic sol­
vents, such as dimethylsulphoxide and N,N-dimethylformamide.
+ +Ag and Tl behave similarly. This behaviour is due to the 
delicate balance between the term and AS° term; both of
them are negative in value. In the first case, when the cations 
are transferred from water into less protic and less polar 
solvents, though the AH° term is negative (i.e. favours the 
transfer), it is upset by the even larger negative values of 
AS^ term. In the latter case, on transferring the cations 
from water to highly dipolar aprotic solvents, AH° term is 
appreciably more negative than that in the first case, while 
AS° term is slightly less negative. This tilts the balance in
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the direction favourable for the transfer. There are quanti­
tative variations within the cations studied, due to the dif­
ferences in charge density and polarisability. However, the 
fundamental governing factor in these cases is simply the 
cation-solvent interaction: solvation effect. If the cation
is more strongly solvated and stabilised in solvent S, than in 
water, it follows that the transfer will be favoured ( negative 
AG^ term). In all the cases mentioned above, the AS° terms 
are always negative, showing the fact that the cations always 
induce more 'order' in aprotic solvents than in protic solvents 
especially water.
7.2.3 Transfer of the ligands
Results for these transfers are shown in Tables 5.7-5.9, 
and demonstrate that 18-crown-6 and cryptand 222 are not favou­
rably transferred from water into other organic solvents. This 
is expected, since these ligands contain several electronegative 
heteroatoms which interact very strongly with water molecules,
via H-bondings. The stronger ligand-water interaction is
oclearly borne out by large positive AH^ values (see section 
5.2). Dibenzo-18-crown-6 is made much more hydrophobic because 
of the two benzene rings,and, predicatably, is favourably trans­
ferred into the organic solvents.
7.3 TRANSFER OF THE COMPLEXED CATIONS
7.3.1 Selective transfer of complexed cation
The standard free energies of transfer for the complexed
cation, AG°(M^L), have been calculated in Tables 7.1-7.17, by
using the Hess's law equation 4.1:
AG°(M L) = AG°(M+) +AG°(L) 4- AG° - AG° L t, t c, o c
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The summary of the calculation is given in Table 7.19. 
Several conclusions can be drawn from studying the results in 
Table 7.19.
All complexed cations are favourable transferred
Ofrom water to other organic solvents. The negative AG^(M L) 
are due to the positive AS^ (M*^ L) (see Tables 7.23-7. 25) .
Values of AH°(M^L) are positive and do not favour the transfer. 
Hence the main driving force for the transfers are the very 
positive AS°(m"*’l ) values which probably result from extensive 
hydrophobic organisation of the (M^ L) ions. There is an appre­
ciable variation of AG°(M^L) values with the cations in the 
transfer to the same solvent, showing the fact that the ligands, 
even 222, have not completely wrapped up the cations and prevent­
ed it from interacting with the solvents. The transfers of 
(M^18C6) and (M*^ DB18C6) into DMSO and DMF are generally fa­
voured. For 222, the transfer of (M^222) into DMF is about 
the most favoured, compared with transfers into other solvents.
The positive transfer free energy value for (H’*’222) and 
(2H^222) is in harmony with reports^^^ that these species are
exclusive complexes, with H placed outside the cryptand cavity.
+Generally speaking, there is a selective transfer of K
by 18-crown-6, dibenzo-18-crown-6 and cryptand 222, although
there are exceptions: Cs^ is selectively transferred by both
18C6 and DB18C6 from water to PC, by 18C6 into DMF and by DB18C6
into MeCN. The exception in selective transfer for Cs^ into PC
is due mainly to the negative value of AG^(Cs ) as compared to
positive values for other cations and slightly smaller (-AG°)
value for (Cs^L)(refer to Tables 7.3 and 7.9 respectively).
+In other words, Cs is, by itself favourably transferred into
PC, whereas other cations are not (less negative value of AG°
leads to more negative AG°(M^L), in equation 4.1).
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Table 7.19 Standard free energies of transfer of complexed
cations, AG?(M*^ L) , from water to various organic
— 1 f 3, )solvents, molar scale, in kcal mol at 298.15 K
Transfer from water to
18-crown-6 as ligand
DMF MeCN
-2.30 0.9
-3.30 -0.4
-3.23
—4.05 —0.2
-2.47
Cations MeOH/H.O MeOH PC DMSO
Li+ - -0.67 - -
Na+ -1.07 -1.56 -1.27 -1.94
K+ -1.41 -1.77 -2.35 -2.79
Rb"*" -0.87 -1.18 -2.35 -2.43
Cs**" -0.95 -1.32 -3.02 -2.74
Ag+ -0.74 -1.16 -1.14 >-1.23
Tl"^ - -1.70 -2.13 -2.79
n h/ -1.48 -1.49 - -
Dibenzo- 18-crown-6 as ligand
Li - - >-1.91 - - -
Na+ -4.08 -4.26 -4.81 -9.24 -9.06 -7.09
K+ -3.93 -5.07 -7.74 -9.21 -9.07 -7. 39
Rb"** - -4.47 -7.77 -8.60 -8.79 -7.23
Cs"^ ■ - -4.47 -8.09 -8.73 -8.57 -7.58
Ag+ - -4.40 -6.02 - - -
T1 + - -4.80 -6.85 - - -7.58
Cryptand 222 as ligand
H+ — 2.42 - - - -
H^(with 
222 )
— • 2.87 -, - - -
Li'*' — -0.08 —0.46 >-1.57 - -0.2
Na"*" — -2.45 -3.96 -3.37 -4.01 -3.2
k'*' — -3.75 -4.72 -3.71 -4.60 -4.9
Rb'*' , — -3.11 -4.33 -3.02 -4.51 -4.5
Cs"*" —- -0.82 -2.33 -1.38 — 2.28 -1.9
Ag'^ — -0.83 -3.08 -3.58 -4.38 -3.4
Tl"*" — -3.19 -3.46 -3.17 -3.24 -4.7
(a) MeOH/H^O refers to 70/30 wt.% MeOH/H^O
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Table 7.20 Determination of AH^(M 18C6) from H^O to 
MeOH/H^O (70/30 wt.%), in kcal mol-1 
at 298.15 K.
Cation AH° (m'*') AH° Ah°(m '^l )
Li+
(a) (b) (d) (e)
-0.77 — - -
Na"*" 0.26 -4.89 -2.25 5.73
K+ 0.39 -9.68 -6 . 2 1 5.03
Rb"*" 0.32 -9.27 -3.82 2.98
Cs"*" 0.19 -8.09 ' -3.79 4.00
Ag"^ -0.36 -4 .5 4 (c) -2.17 5.38
T1+ — — -4.44 —
m * -0.30 -4 .7 1 (c) -2.34 5.44
(a) from Table 5.2; (b) from Table 2. 8 (g) ; (c) from Table 5.1:
(d) from Table 2.8(d); (e) calculated from equation 4.1,
AH°(18C6)=8.11 kcal mol , from Table 5.5
Table 7. :21 Determination of AH°(M^18C6) from 
in kcal mol"^, at 298.15 K. ,
H^O to MeOH,
Cation AH°(M+) ^«0 , 0 AH°c AH° (M'*"L)
(a) (b) (c) (d)
Li + - - 0.42 - ' . -
Na'*' -4.92 - 7.66 -2.25 3.25
-4.52 -13.00 -6 . 2 1 2.27
Rb"*" -3.71 -1 2 . 2 0 -3.82 1.49
Cs"** -3.28 -12.27 ‘ -3.79 1.82
Ag'*' -4.93 - 9.66 -2.17 1.16
Tl'*' - - -4.44 T
-4.50 -10.38 -2.34 1.04
(a) from Table 1.1; (b) from Table 6 .2 ; (c)from Table 2.8 (d);
(d) calculated from equation 4.1, A (18C6)=13.58 kcal mol ^
from Table 5.5.
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Table 7.22 Determination of AH°(M^222) from H^O to MeOH, 
in kcal mol at 298.15 K. •
Cation AH°(M'^ ) AH° (M+L)
(a) (b) (b) (d)
H+ -3.83 -1 2 .4 0 (c) - 8.4 (c) 6 . 1
h"*" (with H'*'2 2 2) -3.83 -1 2 .9 0 (c) - 4.3 (c) 1.5
Li+ -5.31 + 0.17 - 1:40 10.18
Na"*" -4.92 -10.67 - 7.62 5.95
K+ -4.52 -17.04 -11.56 3.92
Rb'*' -3.71 -17.89 -11.77 . 4.09
Cs*** -3.28 -11.93 - 5.15 3.86
Ag^- -4.93 -20.5 -12.80 1.29
Tl**" — - -13.20 -
n h/ -4.50 —  ' - -
(a) from Table 1.1; (b) from Table 2.9 (c) ;(c)from Table 2.9(d);
(d) calculated from equation 4.1, AH°(222)=13.92 kcal mol~^.
from ref. 241.
Table 7.23 Thermodynamics of transfer of (M"^ 18C6) from water
to MeOH/H^O (70/30 wt.%), molar scale, at 298.15 I
Cation AH° ASC
(a) (b) (c)
Li + — — —
Na'*' -1.07 5.73 2 2 . 8
K+ -1.41 5.03 2 1 . 6
Rb"*" -0.87 2.98 12.9
Cs'*' -0.95 4.00 16.6
Ag’*" -0.74 5.38 20.5
Tl'*’ - -
N H/ -1.48 5.44 23.2
(a) from Table 7.1 in kcal mol- 1 . (b) from Table 7.20, in kcal
mol-1 (c) in cal K  ^mol~^.
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Table 7.24 Thermodynamics of transfer of (M+18C6) from
H^O to MeOH, molar scale, at 298.15 K
Cation <
Li+
(a) (b) (c)
-0.67 — -
Na'*’ -1.56 3.25 16.1
k'*' -1.77 2.27 13.6
Rb'*' -1.18 1.49 9.0
Cs'*' -1.32 1.82 10.5
Ag'*' -1.16 1.16 7.8
Tl'*' -1.70 - -
n h/ -1.49 1.04 8.5
(a) from Table 7.2, in kcal mol” ;^ (b) from Table 7.21, in
kcal mol” ;^ (c) in cal K mol-1.
Table 7.25 Thermodynamics of transfer of (m'*'222) from
HgO to MeOH, in molar scale, at 298.15 K.
Cation < AH° ASC
(a) (b) (c)
h'*' 2.42 6.1 12.3
H'*'(with h'*'222) 2.87 1.5 - 4.6
Li'*' -0.08 10.18 34.4
Na'*' -2.45 5.95 28.2
K'*' -3.75 3.92 25.7
Rb'*' -3.11 4.09 24.2
Cs'*' -0.82 3.86 15.7
Ag'*' -0.83 1.29 7.1
Tl'*' -3.19 — —
n h/ - -  ^-
(a) from Table 7.13,in kcal mol 
-1
-1 (b) from Table 7.22, in kcal
mol (c) in cal K  ^mol ^
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Selective transferrings of Cs**" by 18C6 into DMF, and by DB18C6
into MeCN are, by and large, due to the same factors. In the
common cases, is selectively transferred because of large
negative values for complexation (AG° in the organic solvents.
Among the three ligands studied, DB18C6 is the best agent
for the transferring of cations (hypothetical extraction of
cations) in all cases. The transfers of the complexed cation
—  1are at least 4 kcal mol more favourable for DB18C6 than for 
18C6 or 222. This difference is due primarily to the fact that 
the more hydrophobic DB18C6 is itself very favourably transferred 
from water into various organic solvents (see section 7.2.3). 
Another less important factor is the comparatively smaller 
(-AG°) values in the water solvent, which leads to a more nega­
tive AG°(M^L) value.
7.3.2 Selective enhancement in transfer of complexed cations
So far, the discussion of selective transfer of the com­
plexed cations has been carried out without reference and com­
parison with the naked cations. But how does the presence of 
a macrocyclic complexing ligand affect the transfer (or hypo­
thetical extraction) of the cations? Is there a selective 
enhancement for extraction of a particular cation and which 
ligand does so best? To answer these questions, it is necessa­
ry to consider and compare the two processes depicted in Fig.
7.1.
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M
•V
m '
(M+)
K
M + L
Kex
K^XM+L)
^ M+L.
(a ) transfer of cation
from water to organic 
solvent
(B) transfer of a cation complexed 
by a ligand from water to orga­
nic solvent.
Fig. 7.1
where K is the equilibrium constant involved in the processes 
and a subscript 'o' denotes the organic phase. The hypothetical
extraction constant, is given by:
Kex (7.1)
The ratios of (M^ ) have been calculated and are
listed in Table 7.26. The ratio of / K^(M^) as given in
Table 7.26 shows up vividly a certain pattern of results. It
is obvious that in general all cations are transferred better
in the presence of a ligand, i.e. there are enhancements of
transfer of cations by the ligands. However, the exceptions
arise in transfer to DMSO: Na^ is reduced in transfer by 18C6,
+by a factor of 0.75, whereas Ag is drastically reduced by
1.4 X  10” .^ Similarly, Li^ is reduced in transfer by 222 with 
a factor of 0.59. This is partially due to the fact that the 
ligand itself is unfavourably transferred into DMSO. (see Tables
5.7 and 5.9). Dibenzo-18-crown-6 is favourably transferred into 
DMSO (Table 5.8), and hence there are great enhancements of trans­
fer of Na"*" (or even Ag^, Li"^ , by extrapolation) into DMSO.
The proton is enhanced in transfer to MeOH by a factor of
1.12 X  10^^ in the presence of 222. Although no inclusive
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complex is formed (see section 7.3.1) the bonding of with 
222 has the effect that the charge on H is dissipated via 
the bonding, and hence results in a lower charge density on the 
hydrogen atom and hence less solvation, especially in the protic 
aqueous solvents. Not surprisingly, the enhancement of a second 
proton by (H^222) is less than by 222 itself, because the former 
would be slightly solvated by H^O, via H-bonding. The enhance­
ment of transferring H*^  is not due to providence of a hydropho­
bic exterior, as in other cases.
In order to see the pattern of selective enhancement of 
transfer, the enhancement factors with respective to that of 
are calculated and shown in Table 7.27.
The results in Table 7.27 are obtained from:
Kgx(K+L) K^(M+) K^(K+) K^(K+L) K^(M+)
K^(K+) K'g^XM+L) K^(M+) (M+L) (K+)
(7.2)
It is apparent that all the three constituent ratios on the 
R.H.S. of equation 7.2 are important in determining the selec­
tive enhancement of transfer. The figures in Table 7.27 clear­
ly show that is selectively enhanced in transfer into all 
solvents by all ligands except for transfer by DB18C6 into
acetonitrile. Among the ligands studied, cryptand 222 exhibits
+the largest selective enhancement for K . This is primarily 
attributed to relatively larger K^(K^) / K^(M^) value in water 
i.e. high complexation and high selective complexation of cryp­
tand 222 with k "^.
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CHAPTER 8
EXTRACTION OF CATIONS BY MACROCYCLIC LIGANDS
8.1 INTRODUCTION
The discussion in the last chapter has been preoccupied 
by the hypothetical extraction of cations and complexed cations. 
In this chapter, studies carried out by actual distribution of 
the salts of Na^ and and the extraction of these cations by 
macrocyclic ligands, 18-crown-6 and dibenzo-18-crown-6 will be 
discussed. Picrate salts of Na and K were chosen, because 
the anion is hydrophobic and easily extractable; furthermore, 
it can be conveniently analysed by UV-visible spectroscopy.
The extraction experiments have been carried out between water 
and tri-n-butylphosphate (TBP).
In order to comprehensively analyse the data from extrac­
tion experiments using the ligand 18C6 and to make comparisons, 
it is necessary also to investigate the simple distribution of 
the uncomplexed salts.
8.2 DISTRIBUTION OF SODIUM AND POTASSIUM PICRATE BETWEEN 
WATER AND TBP
The equilibria involved in the distribution experiments 
have been outlined in section 1.4, and the general equation 
governing the distribution derived, (equation 1.20, cited here 
as 8.1):
P°bs = / Ko + (8.1)
where is the observed distribution ratio, ^A ) is the
experimentally measured total molar concentration of the picrate 
in aqueous phase, f^^ and f_^  ^are the mean activity coefficients
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of the ionic species in the aqueous and organic phase respec­
tively. P is the partition coefficient or distribution cons­
tant of the pair of ions (see equation 1.14) and K_ is the ion-D
pair dissociation constant in the organic phase.
8.2.1 Calculation of various constants of the distribution 
process
Two computer programs were compiled to analyse the results
of distribution using two slightly different methods: the first
one, without correction for f, , and the second method with cor-
±2
rection for both f a n d  f . Both programs are included in 
the appendix.
(a) Program 'ACTSIM*
In this program, P°^^ is plotted against ^A~jf^^ • For 
the first round, f^^ is assumed to be unity, in order to obtain 
a plot of p°^® vs. (a”](for comparison purposes). In the second 
round, f i s  calculated from the extended Debye Huckel equation:
log = -A / (1 + Ba (a“)^ ) (8.2)
where A and B are the constants (see equations 6.7 and 6.8); 
the dielectric constant of water saturated TBP is 11.22 (refer 
section 12.1) . (A”j is the molar concentration of the ion species 
(taken to be equal to the observed picrate concentration in the 
aqueous phase, i.e. assuming no significant association), and 
a is the ion size parameter, taken to be 3 % for the ionic spe­
cies in water.
Referring to equation 8.1, it is obvious that the plot of 
pObs against (A~]f^^ gives P'^  as the intercept when  ^A~j =0 
(f^^/f^ 2 is taken to be Unity as it tends to be so at the inter­
cept and P/Kp as the slope). Hence P and are evaluated.
*
together with P , the partition coefficient for extraction 
of the ion-pair (see equations 1.16 and 1.17).
(b)Program 'YIEW9'
Equation 8.1 can be rearranged to give:
^ (A") ^±2 ^±1 / (8.3)
In the first step of the calculation f, values are estimated
±1
for each , using the extended Debye Huckel equation, des­
cribed in 8.2.1a. These f^^ values are stored for later use.
Next, the plot of against (a ~] obtained,
assuming f^^=f+^=l. The intercept gives an estimation of P
and the slope gives P/K^. is then used in a quadratic equa­
tion derived from equation 1.15 to solve for the concentration 
of the ionic species in the organic phase, ( A~)^
M o  = {-^D + (Ko^ + 4f^2
where (a ^^  is the total observed picrate concentration in the
organic phase.  ^A”] ^  thus obtained is then used to calculate
f._, by the extended Debye Huckel equation, taking â=8.oX for ±2 '
the ionic species in water saturated TBP. Iterative calculation
continues between equation 8.4 and the extended Debye Huckel
equation, until the f^ 2 value converges. The f^^ values are
found for each experimental point. These f^^ values, together
with f v a l u e s  calculated at the beginning, are incorporated
into the new plot of P°^^ f^^/f^^ against ( A~j f^^ ^±1"
new values of P and obtained.
The calculation does not stop here, the new value is
then substituted into equation 8.4 to calculate a new [a
followed by a better estimation of f, . Iteration carries on
±2
between these two steps, until f^^ converges. These new f^^
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values are used together with the f, values to plot yet
obs -again against [a The new value may
±2 ±1
again be used to find a better f^^ value etc. Eventually,
f, , K_ and P values will all converge. These last and P ±2 D  ^ D
are genuine thermodynamic constants, corrected for the activity 
coefficients in both phases.
8.2.2 Results of calculations
The experimental results are recorded in Tables 11.16 and
11.17. The final values obtained by the computer treatment are 
given in Table 8.1.
Table 8.1 Thermodynamically true values of P, P* and for 
distribution of (Na"^+Pic“) and (K^+Pic~) between
water and TBP, molar scale, at 298.15 K.
P P*
(mol 1 )
Calculated by 
program
Na^+Pic 0.5207 93 5.6056x10"^ YIEW9^^^
0.7279 567 1.2833x10"^ ACTSIM
K%Pic" 0.2077 370 5.6218xlO"4 YIEW9^^^
0.2909 558 5.2110x10"^ ACTSIM
(a) f
(b) f
±1
±2
±1
■±2
varies from 0.982 (2.451xlQ-^M) to 0.954 (1. 774x10“%)
varies from 0.740 (2.355xlO“'^M) to 0.428 (2.876xlO“ M^)
varies from 0.974 (5.243x10“%) to 0.948 (2.222x10“%)
varies from 0.704 (3.330x10“%) to 0.475 (2.034x10“%)
The results clearly show that correction for f^^ does make an 
appreciable difference to the various constants concerned. Values 
obtained by 'YIEW9' are used in later discussion.
8.3 EXTRACTION OF SODIUM AND POTASSIUM PICRATE BY 18-CROWN-6 
FROM WATER TO TBP
8.3.1 Derivation of a general equation
Several equilibria will be observed if a salt M^A~ and a 
complexing ligand L are allowed to distribute together between 
aqueous and organic phases. However, by assuming that a negli­
gible amount of ion-pair (M^LA") is formed in the aqueous phase, 
and the complexed cation(M^b),does not dissociate in the organic 
phase, a simplified situation as shown in Fig.8.1 may be 
postulated:
M+
K
M'^ L +
M^LA
K
A
D
m "^ L + A.
aqueous
phase
organic
phase
Fig. 8.1 Some important equilibria of a 
distribution system containing 
a salt M % "  and a complexing 
ligand,L.
Let a be the activity, subscript 'o' denoting a species in
organic phase, f^^ be the mean activity coefficient of the 
+ —ionic species M and A ,^ assume activity coefficients of
all neutral species to be unity and the mean activity coe-
+  —  "Efficients of species M , A and M L in the aqueous phase
also to be unity. Then, several equilibria may be defined:
D, = a, / a_ = (8.5)
K (8.6)
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) o 4 )  / ' K 4 (a )) (8.7)
=  '(Mo (A"jo f±o' / (Mo (8-8)
Kex- ®MLA^ / *M+ %  ®a”
''ex= ( M o  / '('"■') (^)o ('^l) '8-9)
It is now possible to derive a single equation which relates 
to the observed distribution ratio,
= ((a“)^ + (mLa ]^ ) / (a “) (8.10)
By substituting equations 8.9, 8.6 and 8.5,
= (a‘)o / (a'1 + K^x°l ( M /  '8-11)
But from equation 8.7, it can be shown that
(^')o / (a“) = {'Dc('l''l')) / (A")} ^  / f+ . hence
= {(De ( M  ) / (a"]}^ / f+ + KexDL ( M  V  Ke 
(8.12)
To express in terms of defined constants, and (a ~J ,
assume the total ligand concentration in the system, ^Lj*^^s>MA , 
then both and j in both phases can be neglected by
comparison to ; Hence,
( D f  = ( h ) o  + (d )
substituting equation 8.5 and rearranging,
(l J = (l )I' / (D^ + 1) (8.13)
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substituting equation 8.13 into 8.6 and rearranging,
(m '^J = (m+L) (D^ + 1) / (K^ (Ljl) (8.14)
From the charge balance in the aqueous phase,
(m '*’] + (M+h) = (a"] (8.15)
Substituting equation 8.14 into 8.15 and rearranging,
= (K^(l ]1(a ” ]) / (Dj^  + + 1) (8.16)
This expression for f i s  now substituted back into equation 
8.12, to give:
= (Kex ^ + 1) +
{(Dc Kc (l )^ ) / (K^  (bf + + I))*!
(8.17)
It can also be shown that:
Kp = (Dc Ke) / (Dl %ex) (8.18)
Since and have been obtained in separate experiments,
the unknowns D , K ^ and f. in equation 8.17 can be obtained c ex ±0
by iterative calculation.
8.3.2 Calculation of various constants of the extraction 
process
Two computer programs were compiled to analyse the results
of the extraction experiments using two different equations:
the first one, equation 8.17, is that developed in the present
work, and the second one is a modified equation of Marcus and 
127Asher . Both programs are included in the appendix.
(a) Program 'CHIW7"
Referring to equation 8.17, the program begins with a plot
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of against ) f .^q / assuming f^^=l. From the slope m,
and intercept/ C/ and are obtained:
= m(K^(L] + + 1) / (l]*^  (8.19)
(K^ (L)T + + 1) / K^ , (8.20)
also
S  = '°c V  / '°L %ex) (8.18)
The value thus obtained/ can be used to find the concentration 
of ionic species in organic phase/ ^ by equation 8.8:
( 4 o  = {-%D + (s' + «±0 S  (^)o >1/2f±o (8-21)
where ^Aj^ is the total observed picrate concentration in organic 
phase, can be obtained/ by assuming initially/ f^^=l. This
^A is then used in the extended Debye Huckel equation to es­
timate the mean ionic activity coefficient f . (S in wet TBP for
±0
M"^ L = 10 X) . Iteration goes on. between equation 8.21 and the
extended Debye Huckel equation until the value of f converges.
—0
This f value is then incorporated in the plot of D°^^f. against 
±0 ±0
f A lf,_ to obtain a better estimation of K , D and (equations k J ±0 ex C D
8.19/ 8.20 and 8.18). Just as before this new value is then 
used to estimate again (equation 8.21)/ which is then used
to find new values for f^^. Thus a smaller iteration loop goes 
on between equation 8.21 and the Debye Huckel equation/ followed 
by a larger iteration loop involving the plot of D°^^f^^ against 
^A ] f^Q and f^^ values/ until finally all values converge.
(b) Program 'CHEK9'
Marcus and Asher's equation 3.19. can be rewritten by in­
clusion of the activity coefficients and changing the conditional 
constant K" to a thermodynamic constant. Thus equation 3.19
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becomes:
a;l = (K.
— o o o —
(8.22)
Assuming that f and f equal unity; and taking a , the
aqueous molar activity of MA to be equal to the observed picrate 
concentration (a ”]/ then, on rearrangement, equation 8.23 is 
obtained;
Mo / 'Mo M]') = Ki^ / (M](l)o ’'ex (8-23)
All these terms have been defined in section 3.2.b. The dis-
+ - 4. _
sociation constant of MLA^ (to give M and A^) is then given
by
/ Ki (8.24)
Furthermore, using constants defined in section 8.3.1, it can 
be shown that
Do = / K (8.25)
The calculation process of 'CHEK9' using equation 8.23 is the 
same as that of 'CHIW7'. Basically, a plot of (^jq/( (^)q 
against l/( ^ A~j ±^2^  obtained to start off, by assuming
(m]*^  and ^A j are the observed picrate concentrations
in the organic and aqueous phase respectively, and [ h i s  cal­
culated from the distribution constant of L, (Du), found previous­
ly (see Table 5.7). The slope m, and intercept c, yield esti­
mations of and respectively:
K . = m^ (8.26)
1
K = c (8.27)
ex
%D = %ex / %i (8-24)
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is then used to find by a quadratic equation derived
from equation 3.14:
M o  = {-1 + (1 + 4 f±2 / (2 f2^) (8.28)
The (a~]q value found is then used to calculate f^^ by the
extended Debye Huckel equation. Other procedures are exactly
the same as these, i.e. 'CHIW7', which involves an iteration
to find f_^2 values and then replots the points. From the slope
and intercept, a new value of is obtained, which is then used
in calculating f again, etc.
—  2
8.3.3 Results of calculations
The experimental results of extraction experiments using
18-crown-6 are recorded in Tables 11.18 and 11.19. The results
of extraction using dibenzo-18-crown-6 (Tables 11.20-21) are rather
unexpected, because the observed ratio, D°^^ increases with
decreasing amount of the picrate in the system.
Table 8.2 Various constants for the extraction of NaPic and
and KPic by 18-crown-6 from water into TBP at 298.15 K
%D % %ex K (a)c,o Calculated by program
Na*^+Pic . 1.7355x10-3 2.6939 7.255x10^ 2413 'CHIW7 '
1.9230x10"3 2.2127 • 5.378x10^ 1986 (c)'CHEK9'^ ^
K%Pic" 4.6126x 10"3 1.8134 3.120x10^ 62926 'CHIW7'
7.007 xl0"3 0.3631 4.113x10^ 13875 (e)‘CHEK9'^^
(a)KQ o the corplexation constant in the organic phase, (b) values, of f_^  
vary fran 0.675 (4.630X10~^ M) to 0.458 (2.732xlO"^ M) . (c) values of f^ Q vary 
from 0.621 (7.527xlO~^ M) to 0.450 (2.793x10“^) . (d) values of f v a r y  fran 
0.644 (6.059x10 M^) to 0.433 (3.360x10“%) . (e) values of f^ vary fran 0.642 
(6.166x10"%) to 0.428 (3.494x10"%).
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It can be shown that
%c,o = (°c V  / (^ L = (%ex V  / P (8-29)
where P is the distribution constant of the pair of ions (from 
Table 8.1), is the complexation of M"*" with 18C6 in aqueous 
phase; for Na^ and is 6.3095 and 107.15 respectively
(see Table 6.2). D is the distribution constant of 18C6,
:
0^=0.0135 (Table 5.7).jj
Although there is no rigorous means of testing which set of 
results is preferable, a comparison of the ratio (^K"^ /Na^ ) 
with those in other similar solvents may help in the choice.
Hence, ^(K /Na ) in wet TBP from results of 'CHIW7' and 
'CHEK9' equals 29 and 7 respectively. When compared to the ratio 
of 17(water), 58(MeOH), 11(PC), 60(DMSO) and 14(MeCN),[all from 
Table 2.8j,it is apparent that the results from 'CHIW7' are 
preferred. Thus, various values obtained from the analysis by 
'CHIW7', using equation derived in this work are used in further 
discussion.
A comparison can how be made for the processes depicted 
in Fig.8.2.
For processes (a) and (b), comparison can be made with 
the hypothetical extraction into methanol, DMF, and acetonitrile, 
since the free energy of transfer for the picrate anion from 
water to these solvents is known (Tables 1.1,1.4 and 1.5). These 
free energies of transfer can be combined with those of the cation 
and the P value then deduced.
+ A"
'o %
(a)
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M + A + L
M-Lo + Ac
(b)
m ‘^+. a '
/j ' A
p K . P*ei
MAq
(c)
Fig.8.2
M + A + L 
Kep
MLA
(d)
where is the extraction constant of a pair of ions and
is the extraction constant of an ion-pair.
Table 8.3 Comparison of distribution of (M^  + Pic) with the 
extraction by 18-crown-6.
Organic phase P K (a)ei P*
K (b) 
ep
For Na^t Pic
TBP 5.21x10"! 1.70x10 9.3x10 9.80x1o3
MeOH^c) 1.85x10"! 5.17xlo3((!) — —
7.99x10^ 5.13xlO^ (^ ^ — — ,
MeCN^^) 7.49x10"^ 2.71^ ^^ — —  ■
For + Pic"
TBP 2.08x10"! 1.94x10^ 3.70x10^ 4.21x10^
MeOH^c) 1.12x10"! 1.25xlO*((!) - -
1.03x10^ 2.84xlO^ ((!) — —
( c )MeCN^ ' 7.95x10"3 4.13xlo2(d) - -
(a) K .=K .D (b) K =K .D_ (c) hypothetical extraction (d) obtained fran ei c c ep ex L
Kc.Kt(M%) .K^ (Pic ) , figures rounded off.
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Referring to the results in Table 8.3, first of all, a 
comparison can be made for Na’^+Pic" and K^+Pic" in the actual 
extraction into TBP. The effect of the ligand in extracting
the pair of ions is clearly borne out by the ratio of K^^/P.
+  —  +  —For Na +Pic , and K +Pic , the ratio is 33 and 935 respectively.
Hence, K^+Pic" are more effectively extracted by 18C6, by a 
factor of 29 times. In other words/, K^+Pic" are selectively 
extracted over Na^+Pic" into TBP by a factor of 29. However, 
when it comes to extracting as an ion-pair, though both Na^+Pic" 
and K +Pic are highly enhanced by 18C6 (K^p/P*=105 and 114 res­
pectively) , there is very small selective extraction.
It is convenient to tabulate the ratio of K ./P of K^+Picei
over K^^/P of Na^+Pic" for further discussion.
Table 8.4 Ratio of and that of (K^+Pic ) over (Na^+Pic )
Organic
phase
Kef/P for (Na%Pic") K^ /^P for (K"*" + Pic") K ./R for (K'*' + Pic") 
K^ /^P for (Na% Pic”)
TBP 3.26 X  10 9.35 X  1q3 2.87 X  10
lyfeOH 2.79 X  1 q 3 1.12 X  10^ 4.01 X  10
DMF 6.42 2.76 X 10^ 4.30 X  10
MeCN 3.62 X  1 q 3 5.19 X  103 1.43 X  10
All the ratios given in Table 8.4 are identical to those
/
given in Tables 7.26 and 7.27 because the picrate anion actually 
cancels out in the ratios. Hence K^^/P=K^^/K^(M^) of Table 7.26. 
It is of interest to note that the greatest enhancement of extrac­
tion by 18-crown-6 occurs between water and methanol. Similarly, 
the largest selective enhancement of extraction for K*^  also occurs 
in methanol (although that in DMF is about the same).
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Unfortunately/ no extraction constants may be obtained 
from the experiments using dibenzo-18-crown-6. However, it is 
obvious that dibenzo-18-crown-6 extracts NaPic and KPic into 
TBP much better than 18-crown-6 does. In the light of the 
previous discussion, one could perhaps predict that DB18C6 
would enhance the extraction most into a not very polar ' 
solvent, such as MeCN, into which DB18C6 itself distributes 
most favourably.
8.4 STANDARD ENTHALPIES AND ENTROPIES OF EXTRACTION
The literature values for enthalpies of extraction are
127very scarce if available at all. Marcus and Asher have 
obtained the enthalpy of extraction of NaCl and KCl by dibenzo- 
18-crown-ô from water to m-cresol, via a Van't Hoff plot. 
Enthalpies of extraction determined calorimetrically have been 
obtained in this work. These enthalpies can be combined with 
the free energies to give the enthalpies of extraction as well 
Various enthalpy terms are defined in Fig.8.3.
M
M +
AH°
+ A + I ------- ---» M L  +
AH°(M++ A") a h °(l )
4^  »
o c, o m "^l
AH°(M+L + A )
M
AH'ei
m '^l
Fig.8.3 Definition of various enthalpy terms 
(subscript 'o' denotes organic phase)
It is obvious that AH°(M^L+A~)=AH°(M^+A~) + AH°(L) +
AH° - AH° and AH°.= AH° + AH°(M+L+A") . c, o c ei c t
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• O _With the determination of AH^(Pic ) from water to methanol 
(refer to Table 5.3), it is possible to calculate the enthalpies 
of hypothetical extraction from water to methanol as well.
values are from Table 2.8. AH°(M^+A~), AH°(L), AH° ^ for 
NaPic and KPic in HgO/TBP system are from Tables 5.4, 5.5 and
6.7 respectively. AH°(m"*’) , AH°(Pic~), AH°(L), AH° ^ for Na^+Pic' 
and K^+Pic" in H^O/MeOH system are from Tables 1.1, 5.3, 5.5 and 
6.2 respectively. Table 8.5 gives AG°, AH°, and AS° values 
for the simple distribution of the pair of ions and the extrac­
tion by 18C6.
Table 8.5 Thermodynamics of 
between water and
distribution and 
(b)organic phases
extractions
Pairs of ions Organic 
(M^  + a") phase
AG°(M'^  + A") (c) AG°.(":)ei
Na^ + Pic TBP 0.39 -1.68
IVfeOH 1.00 -3.70
k"^ + Pic“ TBP 0.93 -3.12
MeOH 1.30 
ah°(m'^ + a" )
-5.59
AH°.ei
Na^ + Pic TBP - 9.77 1.82
MeOH - 3.99 1.93
K"^ + Pic" TBP -11.30 -0.56
f^eOH - 3.59 
AS°(m'^ + A")
-3.01
Na^ + Pic" TBP -34.1 11.7
MeOH -16.7 18.9
K^ + Pic" TBP -41.0 8.6
MeOH -16.4 8.7
(a) 18C6 as extracting agent (b)AG°, AH° in kcal mol A S° in cal K  ^mol  ^
(c) converted from results in Table 8.3, molar scale.
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As mentioned earlier, 18-crown-6 enhances the extraction
of both Na"*" and K^Pic" into TBP and methanol (hypothetically)
as a pair of ions (negative AG°^), and K^Pic” is selectively
extracted over Na^Pic". By looking at the AH° and AS° values,
it becomes apparent that the extraction of the pair of ions by
18-crovm-6 into TBP is actually entropy driven, whereas the
extraction into methanol is both favoured by the entropy and
enthalpy term. The selective enhancement of extraction into 
+methanol of K is due mainly to the enthalpy term.
8.5 CONCLUSION
In the light of the foregoing discussion it is possible 
now to make certain conclusions with regards to the extraction 
of salts of univalent cations by neutral macrocyclic ligands. 
The results show that none of the investigated ligands can 
actually completely isolate the cation from the solvent.
There are always some cation-solvent interaction.
In the case of extraction of cations, the relative size 
of the cation and the ligand determines the selective complexa­
tion and also selective enhancement of extraction. Extraction 
of the best fit cation is by and large selectively enhanced, 
as seen with the ligands studied, which are all best fitted by 
K^. This observation is of course limited to relatively small 
ligands such as 18-crown-6 or 21-crown-7 or rigid ligands such 
as cryptands.
The neutral macrocycle usually enhances the extraction 
of the cations, though in some cases, when the ligand itself 
does not easily distribute itself into the organic phase, re­
duced extraction of the cation may occur (e.g. extraction of 
-fNa by 18C6 into DMSO).
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If high enhancement of extraction with low selectivity is 
wanted, then dibenzo-18-crown-6 is preferred (see Table 7.5), 
on the other hand, use of cryptand 222 affords high selectivity, 
though less enhancement as a whole. Hence, in general a more 
hydrophobic ligand will be a good, though possibly unselective 
extracting agent especially into nonpolar solvents, whereas a 
highly protective (with respect to the cation) ligand could be 
more selective.
Generally speaking, extraction as a pair of ions affords 
selective enhancement, whereas extraction as an ion-pair is 
less selective (see Table 8.3). There is higher enhancement 
in extraction as an ion-pair when compared to extraction as 
a pair of ions. This might be useful in the design of extrac­
ting systems, since nonpolar organic phases favour ion-pair 
extraction, whereas polar organic phases favour extraction as 
the pair of ions.
The anion certainly plays a very important role in the 
extraction. Although this has not been demonstrated by the 
present study, it is foreseeable that if the anion distri­
butes itself very favourably into the organic phase, it helps 
the overall extraction as well.
The best extracting solvent will certainly depend very 
much on the ligand concerned. In the case of crown ethers 
and cryptands (which have oxygen atoms capable of interacting 
with protic solvents), the protic solvent methanol, is the 
best solvent in terms of selective extraction. However, the 
general rule would be that if the ligand complexes very well 
with the cation in the aqueous phase, and if the ligand is very 
favourably distributed into the organic phase, then it will be 
a good extracting agent.
PART THREE
EXPERIMENTAL
— 148—
CHAPTER 9
PREPARATION AND PURIFICATION OF CHEMICALS
9.1 PREPARATION OF SOME PICRATES; sodium-, potassium- and 
ammonium picrate; tetramethyl-, tetraethyl-, tetrapropyl- 
ammonium picrate.
Picric acid reacts stoichiometrically with various hydro­
xides to give the corresponding picrates and water:
HPic + MOH — — > MPic + H_0 (9.1)
where Pic” is the 2,4,6-trinitrophenolate ion.
9.1.1 Sodium picrate
Picric acid (Hopkin and Williams Ltd.) is normally stored 
under water in a plastic container. A small amount of wet 
picric acid (lOg) was recrystallised from 96% ethanol. A 
warm (333 K) concentrated solution of recrystallised picric 
acid was prepared in deionised water, to which sodium hydroxide 
solution (BDH, Analar grade, Ig/lOml water) was added dropwise 
from a burette. Addition was stopped when the reaction mixture 
turned alkaline. It was left to cool and magnetically stirred 
continuously. The pH of the solution was checked again after 
15 minutes. Eventually, the ice-cooled preparation was filtered, 
and the obtained solid was rinsed twice with ethanol/water 
(90/10 v.%), then recrystallized twice from the same solvent.
The crystals were then rinsed twice with absolute ethanol and 
dried accordingly to obtain monohydrated sodium picrate or 
anhydrous sodium picrate.
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Result of elemental microanalvsis of sodium picrate
(a) Condition of drying: under vacuum in a dessicator at
room temperature for 3 days.
C H N
Calculated for NaPic.HgO % 26.78 1.50 15.61
Found % 26.77 1.40 15.92
(b) Condition of drying: as in (a) except for 4 more days.
Ç H N
Calculated for NaPic.HgO % 26.78 1.50 15.61
Found % 26.80 1.41 15.81
(c) Condition of drying: 433 K under vacuum for 24 hours,then
443 K under vacuum for 36 hours.
Ç H N
Calculated for NaPic % 28.70 0.80 16.73
Found % 29.00 0.83 16.79
The anhydrous sample is very hygroscopic, due care was taken
in handling it.
9.1.2 Potassium picrate:
Potassium picrate was prepared similarly, except that 
potassium hydroxide (BDH, Analar grade, Ig/lOml water) was 
used for neutralisation and potassium picrate was recrystal­
lised from 96% ethanol, but the bulk of the solvent was re­
duced to 1/3 before crystallisation took place. After drying 
the sample in a vacuum oven at 353 K for 8. working days, the 
following elemental microanalysis was obtained:
Ç H N
Calculated for KPic % 26.97 0.75 15.73
Found % 27.21 0.68 15.33
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9.1.3 Ammonium picrate :
To a warm (333K) concentrated picric acid solution in 
water (prepared as in 9.1.1), ammonium hydroxide (BDH, 20% in 
water) was added dropwise whilst the picric acid solution was 
stirred continuously. An excess of hydroxide was added so as 
to precipitate all the picrate. The warm solution was allowed 
to cool, and finally, the ice-cooled preparation was filtered, 
the crystals rinsed twice with 96% ethanol, and then recrystal­
lised from the same solvent. The crystals thus obtained were
yellow in colour (the phenolic form is yellow in colour, the
282
quinonoid form is red in colour) . Since it is a high ex­
plosive, the sample was dried only at room temperature in a 
vacuum dessicator for at least 10 days.
9.1.4 Tétraméthylammonium picrate
To the warm (333K) concentrated picric acid solution 
(as in 9.1.1), tétraméthylammonium hydroxide (BDH, 25% in 
water) was added dropwise whilst the picric acid solution 
was stirred continuously. An excess of the hydroxide so­
lution was added. The warm solution was allowed to cool 
whilst gently stirred. Finally, the ice-cooled preparation 
was filtered and rinsed twice with water, then with ethanol/ 
water (80/20 v.%) followed by recrystallisation from the same 
solvent. The crystals were rinsed twice with absolute ethanol. 
They were dried at 343K under vacuum for 3 days. The following 
elemental microanalysis result was obtained:
Ç H N
Calculated for Me^NPic % 39.74 4.67 18.54
Found % 39.86 4.63 18.79
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9.1.5 Tetraethylammonium picrate
To the warm (333k ) concentrated picric acid solution in 
water (as 9.1.1), tetraethylammonium picrate (BDH, 25% solution) 
was added dropwise until the reaction mixture was alkaline 
and further addition did not precipitate any more picrate.
The mixture was then allowed to cool whilst continuously stirred. 
Finally, the ice-cooled preparation was filtered and the crystals 
washed thrice with deionised water, then rinsed once with abso­
lute ethanol.
The product was recrystallised from a mixed solyent of 
ethanol and water. The crystals were first placed in 96% 
ethanol and refluxed, more solvent was added until all crystals 
were dissolved, then deionised water was added down the con­
denser until the solution became turbid. A few ml of ethanol 
was then added until the suspension was just clear again. The 
warm solution was then filtered, and on cooling the filtrate, 
crystallisation took place. The crystals were washed with 
absolute ethanol once and recrystallised again from absolute 
ethanol and dried at 343K under vacuum for 18 hours. The 
following elemental microanalysis result was obtained:
Ç H N
Calculated for Et^NPic % 45.61 5.43 15.21
Found % 45.72 5.87 15.36
9.1.6 Tetrapropylammonium picrate
The same procedure as in the preparation of Et^NPic was 
used, except that tetrapropylammonium hydroxide (BDH, 25%) 
was used for neutralisation. The crystals were washed thrice 
with water then rinsed with 96% ethanol, form which the crystals 
were recrystallised. The sample was then dried at room
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temperature in a vacuum dessicator.
9.1.7 Tetrabutvlammonium picrate
The same procedure as in the preparation of Et^NPic 
was carried out, except that tetrabutylammonium hydroxide 
(BDH, 20%) was used for neutralisation. The crystals were 
washed thrice with water, then rinsed with ethanol/water 
(20/80 v.%) once. The crystals were recrystallised from 
ethanol/water (20/80 v.%), then left to dry at room tempera­
ture in a vacuum dessicator.
9.2 PURIFICATION OF CHEMICALS
9.2.1 Purification of solid materials
(a) _ Tris(hvdroxvmethyl)amino-methane, otherwise known as 
tham or tris
Since this is a standard material for calibration of the
calorimeter, the standard procedure of purification as proposed
283by Irving and Wadso was adopted.
Tham (200g) supplied by BDH (Analar grade, >99.8% pure) 
was dissolved in near boiling water (150ml) with constant stir­
ring by a magnetic stirrer. When all tham had dissolved, metha­
nol (600ml) was added to the solution. The beaker containing 
the solution was transferred to another plate with a magnetic 
stirring device, so that cooling could take place slowly with 
constant stirring. The cooling took about 2 hours (to get down 
to 298K). It was then brought down to 276K and left there for 
one hour. The crystals were then filtered.
The process was repeated, using the prepared crystals 
(above), except that the hot solution in water was filtered 
through a fluted filter paper before addition of methanol.
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After filtration the crystals were stirred thoroughly with 
cold methanol to make a thin slurry and then filtered. The 
washing was repeated. The crystals were dried at filter pump 
for three hours. They were then spread out in two dishes to 
dry in air overnight. The crystals were screened. The par­
ticles which passed through 50 mesh and retained on 100 mesh 
were further dried in an oven (353K) for 24 hours, and final­
ly they were dried in vacuum for 24 hours before they were used.
(b) Tetra-n-butvlammonium iodide
Bu^NI (8g) (BDH,laboratory reagent,>98%), was recrystal­
lised from water/methanol. The solid was first placed in 
water (80ml) and was warmed to near boiling point. Methanol 
(25ml) was added with constant stirring, until the mixture 
became clear. It was then filtered through a fluted filter 
paper. The filtrate was left to cool to room temperature 
(45 minutes). It was then brought down to 276K for 15 minutes. 
The crystals were filtered and washed with cold distilled water, 
and dried at the pump for an hour. They were then dried at 
323K in a vacuum oven for 3 hours over phosphorous pentoxide.
The dry Bu^NI was kept in a dessicator over P^Og. 
m.p. = 417-418K.
(c) 18-crown-ô (18C6)
18-crown-6 (Aldrich Chemicals) was purified by sublimation 
as illustrated in Fig.9.1.
Optimum conditions:
Temperature of oil bath: 418-4 23K 
Vacuum pressure : 0.05-0.1mm Hg.
Under such conditions about two grams of 18-crown-6 could 
be sublimed in five hours. The crystals that formed on the 
cold finger were then removed carefully after the whole system
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hot plate
Fig. 9.1 : Sublimation of 18-crown-6
had cooled down. The pure crystals were stored in a dessicator
The m.p. of crystals was 311-312K, compare well with literature 
90m.p. , 312K.
Result of elemental microanalvsis
C H
Calculated for 18C6 % 54.53 9.15
Found % 54.57 9.23
(d) Dibenzo-18-crown-6 (DB18C6)
Dibebzo-18-crown-6 (2.5g) supplied by Aldrich Chemicals, 
was placed in a 100ml round bottom flask followed by addition 
of AR toluene (60ml). A reflux condenser was fixed up and 
the mixture was gradually heated up until all DB18C6 had dis­
solved. At the same time a Buchner funnel was preheated. The 
hot solution was filtered at the pump (low pressure) through
-155-
the preheated Buchner funnel. The filtrate was allowed to 
cool slowly to room temperature with constant stirring by a 
magnetic stirrer. It was then allowed to cool down to about 
283K and the crystals (very bulky, cotton-wool like) were 
filtered at the pump. The recrystallisation process was re­
peated. Finally, the crystals were dried for 15 minutes at 
the pump. The resulting crystals were allowed to dry in va­
cuum oven ( 0.1mm Hg, 343K) for two hours. The m.p. of crys-
90tals was 436-437K, compares well with literature m.p. , 437K. 
Result of elemental microanalvsis;
£  H
Calculated for DB18C6 % 66.65 6.71
Found % 66.66 6.50
(e) Sodium tetraphenylborate (NaBPh^)
NaBPh^ (lOg, BDH laboratory reagent) was dissolved in 
acetone (25ml, Analar grade) and the solution was added to an 
excess of toluene (30ml). Slight cloudiness developed slowly 
on standing and the mixture was then filtered. The clear 
filtrate was evaporated in the cold to small bulk (30ml) and 
filtered. The still clear solution was warmed to 323-333K 
when crystals were slowly deposited. After standing and stir­
ring at this temperature for 10 minutes, the warm preparation 
was filtered rapidly through a preheated Buchner funnel. The 
crystals were dried in a vacuum dessicator at room temperature 
for 3 days. The result of elemental microanalysis showed that 
the sample thus purified was very pure:
C H
Calculated for NaBPh^ % 84.22 5.89
Found % 84.28 5.84
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(f) Tetraphenylphosphonium chloride (Ph^PCl)
Ph^PCl (Fluka, purum p.a.,>98%) was recrystallised from 
1,1-dichloroethane and 1,2-dichloroethane mixture (70/30 v.%). 
The solvent was shaken up with some anhydrous potassium carbo­
nate and stood over it for an hour, then filtered, prior to 
use. The purified crystals were dried at room temperature 
under vacuum for 7 days, then at 343K, under vacuum for 3 days, 
The result of the elemental analysis shows that the sample is 
very pure.
Ç  H
Calculated for Ph^PCl % 76.90 5.38
Found % 76.89 5.40
Ph^PCl is very hygroscopic, and must be handled only in a dry
box.
(g) Miscellaneous solid materials
• NaCl, Nal and KI (all BDH, Analar grade) were dried in 
a vacuum oven at 383K overnight and used immediately.
LiNOg, Rbl, Csl, NH^I (Alfa products, ultrapure grade) 
were used without further purification.
NaClO^, KCIO^ and AgClO^ (all BDH, Analar grade) were 
used without further purification , unless indicated otherwise 
AgNOg (BDH, laboratory reagent grade) was dried in a 
vacuum oven at 333K for four hours and used immediately.
Cryptand 222 (Merck, laboratory reagent) was used with­
out further purification, though it was always stored over 
anhydrous calcium chloride in a dessicator, in the dark.
9.2 PURIFICATION OF SOLVENTS
Deionised water, which was doubly distilled and passed 
through an ion-exchange column was always used.
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Methanol (Jame Burrough Ltd.) was distilled under nitrogen, 
and the first and last fractions discarded. Only the middle 
fraction with b.p. of 337.9K was collected and used immediate-
ly.
Absolute ethanol (50ml), (BDH, absolute ethanol) was 
places in a round bottom flask (1 litre), followed by magnesium 
turnings (Ig per litre EtOH to be distilled) and iodine 
(O.lg per litre of EtOH to be distilled). The reaction mixture 
was warmed gently to start the initial reaction. When iodine 
was depleted ( ^ hour), more ethanol (950ml) was added. This 
was left for two hours, after which the ethanol was distilled 
into a flask fitted with a CaClg drying tube.
Tri-n-butylphosphate (TBP), (BDH, laboratory reagent 98%) 
was purified by passing it through a column (4 feet long) of 
activated 4A molecular sieves.
TBP saturated with water was prepared by first extracting 
the TBP sample with equal volumes of water four times
(pH =4.9 and 5.4 after first and fourth extraction) . It was 
then left in a properly stoppered glass bottle with some water 
at 298.15K in a thermostated bath. The solvent was allowed to 
equilibrate, with occasional shaking for two days, then left 
to settle for two more days, before it was used.
Water saturated with TBP was prepared by equilibrating 
it with a purified sample of TBP for 4 days at 298.15K in a 
thermostated bath.
Dimethylsulphoxide (BDH, laboratory reagent >98%) was 
purified by passing it twice through a column (4 feet long) 
of activated 4A molecular sieves. It was then allowed to 
stand over more activated 4A molecular sieves overnight, and 
used immediately.
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N,N-Dimethylfonnamide (DMF), (BDH,laboratory reagent >98%) 
was distilled under oxygen-free nitrogen at reduced pressure. 
The first and last fractions were discarded. The middle frac­
tion (b.p. 388K at^O.lmm Hg) was collected and redistilled
under the same conditions. The middle fraction was collected 
and stored over activated molecular sieve and used within 48 
hours.
Propylene carbonate (BDH, laboratory reagent, >99%), 
acetonitrile (BDH, laboratory reagent >98%), 1-octanol (Aldrich 
Chemicals >99%), and n-tetradecane (BDH, laboratory reagent, 
>99%) were shaken with activated 4A molecular sieves and allow­
ed to stand over a fresh portion of sieve overnight, before 
being used.
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CHAPTER 10 
CALORIMETRIC STUDIES
10.1 INTRODUCTION
A calorimeter is an instrument used for measuring the 
change in internal energy or enthalpy which occurs when a 
system changes from an initial state to a final state. There 
are basically three types of calorimeter . An adiabatic calo­
rimeter is one in which the system under investigation is com­
pletely isolated from the surroundings, so that there is no 
heat exchange at all. In practice, this is impossible to 
achieve, hence isoperibol calorimeters have been designed so 
that the heat exchange of the system with the surroundings is 
minimised; also the calibration run is to take place under as 
identical conditions as the actual run as possible in order to 
cancel out the heat exchange in both runs. A third type of 
calorimeter, the isothermal calorimeter, operates by feeding 
into the system or taking away from it a precise amount of heat 
during the course of measurement so that the temperature of the 
system under investigation remains unchanged. Hence, the heat 
flow is a measure of the energy change of the process under 
investigation. The isoperibol and isothermal calorimeters are 
the most common. The isoperibol calorimeters can operate in 
either a batch or a continuous flow mode.
Calorimeters have been extensively used in the determina­
tion of various thermochemical quantities, such as heats of 
reaction, heats of solution, and heats of dilution etc. Ther­
mometric titration is now recognised as a convenient tool for 
end-point or equivalence point determinations. Differential 
scanning calorimeters have been used to measure heats of
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decomposition and to supply measurements of heat capacities, 
enthalpies of phase changes, etc. Various microcalorimeters 
have also been employed in biochemical and biological work.
The literature on calorimetry is very extensive. Detailed
. ^  ^  ^  ^ 284-287information can be found in many monographs.
The calorimetric work in this thesis has been carried
out using the LKB 8700 precision calorimetry system. A brief
description of it follows.
10.2 LKB 8700 PRECISION CALORIMETRY SYSTEM
10.2.1 General description and specification of LKB 8700 
system
The LKB 8700 calorimeter is a commercial version of the
constant temperature environment non-isothermal (isoperibol)
288calorimeter originally designed by Sunner and Wadso , 
which enables a very precise comparison to be made between 
an electrical calibration run and an actual run, in which a 
well-defined process takes place. Temperature is very accu­
rately measured as a function of the resistance change,and 
conditions are chosen so as to give as identical as a tempe­
rature change as possible in both runs.
A block diagram of the system is presented in Fig.10.1.
It can be divided into three main parts, viz. the calorimeter 
proper, the thermostatic bath, and the electronic assembly.
The calorimeter proper consists of a 100ml pyrex glass 
reaction vessel, fitted with a calibration heater, thermistor, 
stirrer, a sapphire-tipped rod for ampoule breaking, and an 
outer stainless steel container which is maintained at a 
constant temperature in the thermostated bath. The thermistor 
can be used in the temperature range of 278-310K (lower limit
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set by the Wheatstone bridge). The thermistor resistance at
298.15K is 2000 ohms and the heater resistance (R ) is 50.14H
ohms. The stirrer is made of 18-carat gold, plated with pure 
gold, holds 1 ml glass ampoules, and is fixed to a stirrer 
running at a speed of 500 rpm.
The thermostatic bath has a capacity of 18 litres and 
it is well insulated. A magnetic stirrer is mounted on the 
bottom to ensure adequate circulation around the centrally 
located calorimeter. Good temperature stability is achieved 
by using a proportional electronic thermostat controlled by 
the thermistor probe, a 70-ohm heater and an auxilliary cool­
ing system which has a temperature of 2K below the set point. 
Under normal conditions, the bath temperature can be maintain­
ed at 298.15 i O.OOIK over a 48-hour period.
The electronic assembly consists mainly of the Wheatstone 
bridge with a range of 0-6 kilohms over six decades. The ther­
mistor inside the calorimeter vessel forms one of the arms of 
the bridge. Thus, the temperature change is monitored in terms 
of thermistor resistance. The out-of-balance voltage is mea­
sure on an electronic galvanometer which may be connected to 
a chart recorder. The practical limit of resolution at maxi­
mum sensitivity is about 5 x 10~^K.
Calibration of the calorimetric vessel and its contents 
is carried out by passing a known current through the heater 
for a selected time interval and measuring the corresponding 
temperature change. Current is supplied by a D.C. power source 
at 20, 50/ 100, 200 and 500 mw. The exact current flow through 
the calibration heater however, has to be determined in each 
run by the connection of an external standard resistor 
(9.9998 ± 0.0001 ohms) in series with the heater; the potential
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difference across the external standard resister during the 
calibration will give the current of calibration (I^ .^ Thus, 
by Ohm’s law:
Ic = V/Rg (10.1)
where V is the measured voltage and R^ is the known standard 
resistance.
The electrical calibration circuit is automatically ener­
gised for selected time intervals (l-990s) by an electronic 
timer. The heating interval required is set on three dials, 
giving steps of one second over 100s, and then steps of 10 
seconds to 990s. The timing accuracy is quoted as t 0.003s.
A stopwatch (0.1s graduation) is used during a run to 
determine resistance change with time. This, however is not 
necessary if a chart recorder, which records the resistance 
change of thermistor with time, is employed.
10.2.2 Operation:
289It has been shown that the change in temperature (AT) 
can be taken to be equal to the change of the resistance (AR) 
divided by the mean resistance (R^ ) of the resistance reading 
before and after the process being investigated.
AT = AR/Rm (10.2)
It should be noted that the above relation is an approximation,
due to the fact that the resistance R of the thermister does
not exactly change linearly with temperature. However, it has 
289been shown that relation (10.2) is sufficiently accurate 
for measurements of up to 0.1% precision.
Having measured the temperature change (AT^ ) and the 
amount of heat (Qq ) injected into the system (in the calibration
-164-
runs) , the calibration constant,B, which is equivalent to . 
the heat capacity of the calorimetric system can be deter­
mined from the relation:
e  = Qc/^T^ (10.3)
Q(-,/ the heat of calibration is obtained from the following 
expression:
2
Oc = J (10.4)
where is the calibration current measured in amperes, 
is the resistance of the heater (50.14 ohms) and t is the 
heating time, in seconds. Also from expression (10.2),
AT^= R/R^‘, hence:
£ = J K-1 (10.5)
In the actual run, when an unknown heat change is to
be determined, the calibration constant and the temperature 
change in the actual run are made use of, as indicated below:
Qr = (10.6)
where is the amount of heat produced by reaction,B is the 
calibration constant and AT^ is the temperature change due to 
reaction.
In either the calibration or the actual run, the change
of resistance, AR and the mean resistance R are obtainedm
from:
AR ^f " *i (10.7)
R = (Rf + R. )/2 . (10.8)m r 1
where R^ and R^ are the final and initial resistance respective­
ly, and are obtained by extrapolating the pre-rating and post-
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rating in such a way that the two shaded areas A and B, in a
resistance time plot (see Fig.10.2) are equal. This is the
method due to Dickinson.
With the use of a chart recorder, the trace of resistance 
against time is also analysed by Dickinson's method. However, 
the amount of heat produced by a reaction is obtained by a 
simple proportional method:
Qr = Qc ^ (dj.)/(d^ ) (10.9)
where is the amount of heat produced by reaction, is the
amount of calibration heat which gives a displacement of dis­
tance d^ on the chart paper and d^ is the displacement of the 
pen during the run which measures the reaction being investi­
gated. Since from equation (10.4) :
°c = J
Qj. =  X  (dj.)/(d^) J (10.10)
An example of this method is shown in Fig.(10.3).
10.2.3 Corrections
The observed heat of reaction (Q^ ) has to be corrected 
for processes associated with the reaction before the molar 
enthalpy change, AH can be obtained.
AH = G^^^^/4.184n cal mol”  ^ (10.11)
where Q is the corrected heat of reaction, n is the gram-corr
mol of the material used.
The nature and heat effects relating to the initiation 
of a reaction in the calorimeter have been discussed in detail 
by Wadso^^^ . The more important heat effects include: heat 
of ampoule breaking, heat of dilution, changes in heat of
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stirring after ampoule fracture, evaporation of calorimetric 
liquid, undissolved solid trapped in ampoule seal, etc. For­
tunately, in the measurements reported in this thesis, all 
effects are negligibly small, except the heat of ampoule break­
ing and heat of dilution.
When an ampoule is broken, quite apart from the heat of 
reaction and dilution (in the case of liquid reactant), there 
is small heat due to mechanical heat involved with breaking of 
the ampoule and the heat associated with the reequilibrating 
of the vapour-liquid phase in the calorimetric vessel. This 
ampoule correction heat is obtained by breaking an empty am­
poule into the liquid in the calorimetric vessel after the 
actual run, having removed the main body of the previous bro­
ken ampoule. It could be determined in separate experiments 
as well. In the case when a solution is used in the ampoule 
as reactant, the ampoule correction is usually carried out 
together with the dilution correction by breaking an ampoule 
containing an equal amount of the liquid sample as the actual 
run, into the pure solvent.
If the heat of solution of a solid 1:1 electrolyte is to
be determined, the heat of dilution can be calculated theore-
291tically by the following equation :
= 14.843 X  loll/(GT)3/2 | i / t  + 1/^ x bg/bl + oa/3 x
Sl'^ jcal mol'l (10.12)
where &6/bT is the variation of dielectric constant of the 
solvent with temperature. cC=(p^^^ - p^^^)/lop^^^, where p is 
the solvent density and the superscript denotes the temperature 
in degrees K. The term SI is the ionic concentration in the 
final solution.
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Collecting all the constants:
AH^ = F(SI)% (10.13)
F values for some solvents are water (-477), methanol(-3537), 
ethanol(-5573), N,N-dimethylformamide(-1594), all in calories 
per mol. Now, the enthalpy of the actual reaction AH (being 
corrected for ampoule breaking and dilution), can be obtained.
A h = AH (corrected for ampoule breaking) - AH^ (10.14)
By plotting AH against the degree of dissociation,oC, of the 
electrolyte and extrapolating to cC= 1, AH° at infinite dilu­
tion is obtained. Alternatively, just by plotting AH(corrected 
for ampoule breaking) against the square root of the molar 
concentration of the electrolyte reactant, and extrapolating 
to zero concentration, AH°, the standard enthalpy of reaction 
(at 298.15K) at infinite dilution is obtained.
10.2.4 Estimation of random errors
The magnitudes of systematic errors inherent in thermoche­
mical measurements depend upon several different factors, such 
as, the nature and velocity of the specified chemical reaction, 
the purity of the individual components, the sensitivity of 
the auxilliary measuring equipment, and the precision of main­
taining identical conditions in the calibration and reaction 
runs.
In the present work, an estimate of the total random errors 
was obtained by the standard deviation of the sample, S,.when 
AH° is obtained from the average of several results:
S = j I(AH° - AH°)^/(n-l)|'^ (10.15)
where AH° is the individual standard enthalpy change, AH° is 
the mean standard enthalpy change, and n is the number of readings
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If AH° was obtained from intercept by a least squares 
analysis, the standard deviation of the y-array of data was 
used as an estimate of the total random error.
= |2I(AH - AH') V(n-l)r'^ (10.16)
where is the standard deviation used in the least squares
analysis, Ah is an individual enthalpy change value, AH' is 
the idealised enthalpy value, obtained from the line of re­
gression, and n is the number of readings.
10.2.5 Calibration of the calorimeter
(a) : The heat capacity of the calorimeter
The heat capacity of the calorimeter is most conveniently 
measured by using a known volume of water as the calorimeter 
liquid. The precision of the resulting values of the water 
calibration c o n s t a n t , i s  in itself a direct indication of 
the overall precision of measurement, and periodical redeter­
mination of its values gives a quantitative estimate of the 
reproducibility and working performance of the equipment. Water 
calibrations, performed with 100.0ml of water, with a heating 
current of 0.1010 amp (/v500mw) for 30 seconds were determined 
and recorded: 2364.62, 2366.90, 2358.08, 2366.76, 2360.51,
pop
and 2362.49 (cal). The mean 0^ ^ = 2363.23, with a standard 
deviation of 3.53 cal, i.e. 0.15%.
(b) Calibration with a chemical standard, tham.
In solution calorimetry, various standard reactions have 
been empolyed, the common ones are: dissolution of KCl in
water, dissolution of succinic acid in hydrochloric acid, reac­
tion between sulphuric acid and excess sodium hydroxide, and 
reaction of tris(hydroxymethyl)amino-methane with hydrochloric 
acid. It has been concluded that the last one is the most
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292satisfactory and it is commonly used.
Some of the desirable characteristics of the standard
293reaction have been examined by Gunn . These include the
requirement of a rapid, exothermic, non-gas liberating and
highly precise reaction.
Tris(hydroxymethyl)amino-methane, also known as tris or
tham, has a melting point of 444.25K, a density of 1.35g cm“ ,^
a pK^ of 5,92 and is of low hygroscopy and does not absorb
28 3carbon dioxide. Irving and Wadso suggested its use as a 
chemical standard. In the standard reaction, tham ('-\/0. 5g) 
is allowed to react with 100.0ml of O.lM HCl:
-L +
H2N.C(CH20H) 2 + H^O -- 5^  H^NC (CH^OH) ^  + H2O (10.17)
The tham reaction is well defined and is highly exothermic 
and has a low differential heat of solution.
The standard enthalpy of reaction of tham (^0.5g) with 
O.lM HCl (100.0ml) at 298.15K recorded in the literature 
together with the present work is presented in Table 10.1.
(c) Determination of the standard enthalpy of solution of 
a common electrolyte, Bu^NI, in ethanol and comparison
with the literature value.
Having calibrated the calorimeter by determination of its 
heat capacity and with a chemical standard, it is worthwhile 
to try measuring the enthalpy change of a well defined process 
whose enthalpy change value is known in the literature. In 
this instance, the standard enthalpy of solution of Bu^NI in 
ethanol had been determined and recorded in Table 10.2.
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Table 10.1 Standard enthalpy of reaction of tham with 
hydrochloric acid solution at 298.15K (0.1- 
0.5g tham in 100.0ml of O.lM HCl) ^
Author -AH°(cal mol )^ Reference
Irving and Wadso 7107+4 283
Gunn 7107Î1 293
Kilday and Prosen 7114±2 294
Sunner and Wadso 7112+2 295
Mckerrel 7112±5 296
Irving and Wadso 7112+2 294
Ojelund and Wadso 7112+4 297
Mortimer and Beezer 7104+8 294
Irving and Sonsa 7110+1 294
Hill et al 7109+1 298
Gunn 7107±1 299
Prosen 7115+1 294
Riberio da Silva 7112±6 294
H.N.Bidokhti 7110+4 294
A. Nasohzadeh-Ekhtiarababy 7104il3 300
M.Chaloosi 7102±11 (6 runs) 301
This work 7111+7 (5 runs)
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Table 10.2 AH of Bu-NX in ethanolsoln 4
wt. of Bu^NI 
(g)
(a)
C^ X 10"^
(M^
(b)
Q
(cal)
(c)
AH ' soln
(cal mol )
(d)
AH'soln_, 
(cal mol )
0.29552 8.944 -7.4815 -9351 -9850
0.22491 7.^ 803 -5.6271 -9242 -9676
0.14788 6.327 -3.6601 -9142 -9495
0.03230 2.957 -0.7721 -8830 -8994
(a) C is the molar concentration..(b) this is the observed
heat of solution, the heat of breaking ampoule is relatively
small, hence neglected, (c) AHg^^^=Q x (M.W.)/W where M.W. is
the molecular weight of Bu^NI and W is the weight of Bu^NI.
(d) AH' , = AH T - Ah ,, where AH, is the enthalpy of soln soln d d
dilution and is given by equation (10.13).
The plots of AHg^^^ and ^^'goln ^Gainst are linear. 
Least squares analysis gave AHg^ j^ ^^ =8580 t 224 cal mol  ^
(r=-0.999) from extrapolation of values, and AHsoln
=8579 ± 370 cal mol  ^ (r=-0.,999) from that of AH'^^^^ values. 
The uncertainties are the standard deviation of the y-array 
of data (equation 10.16), and r is the correlation coefficient 
of the data entered in the linear regression analysis. It is 
obvious that both extrapolations give the same AH°^^^. They 
also compare well with the literature value of 864lil65 cal
mol-1
302
10.3 THERMOCHEMICAL MEASUREMENTS: HEATS OF SOLUTION OF
SOME ELECTROLYTES AND OF 18-CROWN-6
All thermochemical results tabulated below were carried 
out at 298.15K with an LKB 8700 isoperibol solution calorime­
ter, linked to a chart recorder. rnhf^ n^rnoni og i.ro
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with silicone rubber (the volume of the calorimetric vessels 
vary from 100 to 103 ml). Details of operation procedure 
may be obtained from the LKB 8700 manual and various the- 
If the observed enthalpies of solution of an 
electrolyte vary systematically with the square root of the 
concentration of the electrolyte, then the standard enthal­
py of solution is obtained by extrapolation to infinite di­
lution, using the least squares analyses. The uncertainty 
is then given by the standard deviation of the y-array of 
data as defined by equation (10.16). Otherwise, the averag­
ed values of the observed enthalpies is taken to be the 
standard enthalpy value and the uncertainty is given 
by the standard deviation of the sample (equation 10.15).
In the tables below, Q^orr the corrected heat of 
reaction, C is the molar concentration of the solute and r is 
the correlation coefficient of the data entered in the linear 
regression analysis.
10.3.1 Enthalpies of solution of sodium chloride in water 
and methanol/water (70/30 wt.%).
Table 10.3 AH of NaCl in water soln
wt. of NaCl
(g)
C^ X 10 
(M)%
^ Qcorr'*' AHsoln 
(cal) (cal mol 1)
0.05944 10.080 0.9474 931
0.05817 9.978 0.9465 951
0.05808 9.971 0.9281 934
0.02961 7.119 0.4755 938
0.02899 7.044 0.4640 935
0.02895 7.039 0.4701 949
0.00645 3.322 0.0992 899
0.00580 3.150 0.0923 
Averaged value
930
'‘^^soln = 933±16 cal
(a) correction for breaking empty ampoule = 0.00912 cal.
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Table 10.4 ^Hgoln NaCl in MeOH/H.O (7.0/30 wt.%)
wt. of Nad
(g)
C ^ X  10 
(M/%
-2 (a)
corr
(cal)
AHsoln
(cal mol )^
0.01000
0.00806
0.00418
0.00134
4.0758
3.6592
2.6351
1.4920
0.17647 
0.13976 
0.06383 
0.01799 
oExtrapolated value,
1030
1013
892
776
'625 ± 120 (b)
(a) correction for breaking empty ampoule = 0.04716 cal 
(average of 10 runs)
(b) r = 0.996
10.3.2 Enthalpies of solution of sodium tetranhenvlborate 
in water and methanol/water (70/30 wt.%)
Table 10.5 AH^^^^ of NaBPh^ in water
wt. of NaBPh^ (g) Qcorr(cal)
(a)
0.04551 -0.60686 -4603
0.03613 -0.47593 -4508
0.02815 -0.37516 -4561
Averaged value, AH^^^^ = -4557 ± 48
(a) correction for breaking empty ampoule = 0.00912 cal 
(average of 5 runs)
Table 10.6 AH^^^^ of NaBPh^ in MeOH/HgO (70/30 wt.%)
wt. of sample (g) Ocorr'cal)
(a)
0.03425 -0.15891 -1588
0.02683 -0.11902 -1518
0.02096 -0.09828 -1605
0.01389 -0.07112 -1752
0.00591 -0.02957 
Averaged value
AH° -1712^
, ^"soln = -1635+95
(a) correction for breakina emptv amDnni^=n
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10.3.3 Enthalpies of solution of tetraphenvlphosphonium 
chloride in water and methanol/water (70/30 wt.%)
Table 10.7 AH , of Ph,PCl in water soln 4
wt. of sample (g) ^ c o r r ^ ^ s o l n ^ ^ ^ ^  mol )^
0.02591 -0.14680 -2124
0.02407 -0.12868 -2004
Averaged value, AH^^^n “ -2064
(a) correction for breaking empty ampoule = 0.00912 cal 
(average of 5 runs)
Table 10.8 AH^^^^ of Ph^PCl in MeOH/HgO (70/30 wt.%)
wt. of sample
(g)
X 10 2 .
(M) %
Qcorr
(cal)
^^soln 
(cal mol-1)
0.02876 2.7426 0.01938 253
0.02372 2.4907 0.01470 232
0.01753 2.1412 0.00958 205
0.01200 1.7716 0.00576 180
Extrapolated value, AH^^in 46 i 32
(a) correction for breaking empty ampoule =0.04716 (cal)
(b) r = 0.999
10.3.4 Enthalpies of solution of sodium perchlorate in 
methanol/water (70/30 wt.%)
Table 10.9 ^^soln NaClO^ in MeOH/HgO (70/30 wt.%)
wt. of sample (g) Q (cal) AH _ (cal mol )^corr soln
0.04643 0.84297 2223
0.02423 0.43180 2182
0.01367 0.24518 2196
0.01241 0.22846 2254
0.00862 0.15763 2239
Averaged value, — 2219 ± 30
(a) correction for breaking empty ampoule=0.04716 cal
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10.3.5 Enthalpies of solution of ammonium iodide in
methanol/water (70/30 wt.%)
Table 10.10 of NH^I in MeOH/HgO (70/30 wt.%)
wt. of 
(g)
sample X 10 2 
(M)%
Q
corr
(cal)
^^soln 
(cal mol-1)
0.04270 ' 5.4277 0.22753 772
0.03240 4.7280 0.17779 795
0.02640 4.2678 0.15243 837
0.01638 3.3617 0.09842 871
0.01149 2.8155 0.06475 817
0.00323 1.4928 0.01953 876
0.00210 1.2037 0.01220 842
Extrapolated value, 887 ± 38
(a) correction for breaking empty ampoule = 0.04716 cal.
(b) r = -0.72
10.3.6 Enthalpies of solution of silver perchlorate in
methanol/water (70/30wt.% fa)
Table 10 .11 of AgClOj in MeOH/HgO (70/30 wt.%)
wt. of sample (g) Qcorr(cal)
(b) AHsoln(cal
0.12199 0.02713 46
0.09390 0.02826 62
0.05808 0.00933 33
0.06188 0.01454 49
Averaged value. AH:oln = 48 ± 12
(a) Analar grade AgClO^ supplied by BDH, was dried at 3 53 K 
in a vacuum for 4 hours. The samples were loaded into 
ampoules in a dry box.
(b) correction for breaking empty ampoules=0.04716±0.019 cal
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10.3.7 Enthalpies of solution of tétraméthylammonium 
picrate in water and methanol
Table 10.12 ^^soln Me^NPic in water
wt. of sample (9) Ocorr'cal) AHsoln(cal mol-1)
0.01352 0.32606 7289
0.00720 0.19046 7995
Averaged value, = 7642
(a) correction for breaking empty ampoule = 0.00912 cal.
Table 10.13 AH , of Me.NPic in soln 4 ,methanol
wt. of sample X 10"^ Q (a) corr AHsoln
(g) (M)% (cal) (cal mol )^
0.02344 2.7574 0.46900 6047
0.01796 2.4137 0.37246 6268
0.01704 2.3510 0.35218 6247
0.01229 1.9966 0.25236 6206
0.00533 1.3149 0.11625 6592
Extrapolated value, AH°^^^ 6995 ± 200^^^
(a) correction for breaking empty ampoule = 0.07245 cal. 
(average of 5 runs)
(b) r =0.92
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10.3.8 Enthalpies of solution of tetraethvlammonium
picrate in methanol
Table 10.14 of Et^NPic in methanol
wt. of sample (g) Q (a) corr 
(cal)
AHsoln(cal mol h
0.06044 1.46493 8928
0.03421 0.81451 8770
0.02269 0.55118 8948
0.01631 0.39455 
Averaged value,
8911
8890 Î 81
(a) correction for breaking empty ampoule = 0.07245 cal.
10.3.9 Enthalpies of solution of 18-crown-6 in water, 
methanol/water (70/30 wt.%), methanol and wet 
tri-n-butvlphosphate
Table 10.15 AH  ^ of 18C6 in watersoln
wt. of sample (g) Q (a) mol )^
0.05516 -1.0511 -5040
0.05411 -1.0544 -5150
0.05026 -1.0235 -5380
0.05019 -1.0149 -5340
0.03013 -0.6410 -5620
Averaged value, AH°^^^ = -5310 ± 230
(a) correction for breaking empty ampoule = 0.00912 cal.
-lüU-
Table 10.16 of 18C6 in MeOH/HgO (70/30 wt.%)
wt. of sample (g) °corr'cal)
(a) AH T (cal mol )^ soin
0.05126 0.5308 2280
0.05007 0.5383 2840
0.04755 0.5064 2820
0.04739 0.4964 2770
Averaged value, AH°^^^ 2880 ±30
(a) correction for breaking empty ampoule = 0.04716 cal.
Table 10.17 AH  ^ of 18C6 in methanolsoin
wt. of sample (g) Qcorr(cal) AHsoln'cal
0.03932 1.2411 8340
0.03799 1.1794 8210
0.03598 1.1337 8330 •
0.03497 1.0890 8230
0.03359 1.0549 8300
0.02843 0.8844 8220
Averaged value, AH°^^^ = 8270 ± 60
(a) correction for breaking empty ampoule = 0.07245 cal.
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10.3.10 Enthalpies of solution of anhydrous sodium
picrate in water and wet tri-n-butyl phosphate
Anhydrous sodium picrate is very hygroscopic. Hence, 
all samples were packed into the ampoules in a dry box, and 
securely stoppered. Even the ampoules were left in the dry 
box for at least 4 hours to ensure that the air in them was 
dry. The result of various measurements is recorded in Tables 
10.19 and 10.20. Measurements in wet TBP are tabulated as well.
Table 10.19 AH , of NaPic in watersoln
wt. of sample (g) Q (cal) f^  ^ AH  ^ (cal mol NaOH (M)ooxTir. . 3o«Lni
0.02850
0.02067
0.01799
0.02767
0.02085
0.57183 
0.41802 
0.36358 
0.55234 
0.42183 
Averaged value, AHosoln
5038 
5078 
5075 
5012 
5080
5057 ± 30
(b)
0
0
0
0
0.01
(a) correction for breaking empty ampoule =0.0106 cal 
(average of 3 runs)
(b) this run measured in water presaturated with TBP at 
298.15K.
-183-
43
0
tH 44 Ch r o p
1 0 H * CO iH 00 Ch
rH iH 0 O' Ch 0 0
p 0 0 0 + 1 Ch +  1 Ch +1 Ch
rH g CU rH • • •
0 0 fO p VO O 1—1 o 00 o
0  0 iH u > tH in in VO
X 0 44 r o 0 0  11 r o I 00 I
<q ü X VO LO in TT
0 1 1 U 1 u 1 u
iH ~
p'r4
rH 0 P ld p tH r o p CN CN Ch VO H*
0 g r4 r o  O 0 0 P 0 0 00 O ' o tH r o
m r o vO CO tH P 0 0 Ch O Ch CN ro
X 1—1 VO in H’ LD r o H* Tf
< 0 1 1 1 1 1 1 1 1 1 1 1
ü
CTi r o  P CN r o tH O ' O Ch CN
CN r o  O O ' VO rO Ch 1—1 VO
$4 Tf 00  00 tH CN t—1 CN Tf Ch VO
$4 rH 00 O' rH O in O O Ch VO H' 00
0 0 CN CN CN 1—1 Tf r o CN o CN rH O
u U # « • • « • • • • • • •
a O
1
O  O  
1 1
O
1
O
1
O
1
O
1
o
i
O
1
O
1
O
1
CN
eu O IT) C7' O' 00 tH LD VO o VO CN o
m iH ^ O rH 00 00 O' 0 0 00 VO in o
Eh O rH  O 00 in Ch p VO o
X 1—1 LD t—1 r o o Ch r o LO 00
4J
0 .r CN CN CN tH r o CN tH rH CN tH iH
15 u
P
P
0
CU
PQ
Eh 44 0 O VO CJ' tH 0 0 r o H* Ch O CN
0 rH r o rH  r o CJ' 00 CN vO Ch Ch O
C CU rH VO 1—1 H* r o uo O VO 00 lO
•H « g tJ* tH tH t—1 O CN 1—1 t—1 O rH o O
0 O O  O O o o o O O o O
U 0 • • • • « • « • • • •
•H O O  o O O o o o O o o
eu
0
% C3
0
44 (31 •H
0 44 0 C3 44 r o in
0 1-1 ■H U 00 H o
C b X 0 rH p Ch o
rH -P 0 0 U 0 o O rH
0 0 A 0 U u o O O
w 0 g C, 0 « • •
X X 0 X u o o O o
<
o
CN a u• 0 0
O •H 44
tH 44 0
69 0 o o in lO
0 U p 0 0 Ch
r4 P X
XI 44 44
0 0 “H
Eh 0 15
-184-
43
%—S, 0
t-4 -P
1 0 VO
iH 1—1 0 ro CN p 00 VO
g 0 0 0 t—1 o vO Ch p Ch
iH e eu r—1 • • •
0 0 0 4-1 tH 4-1 o 4-1 O
0 rH u >
X 0 44 00 I ro I t-4 I
U X o 00 VO
0 vû U P p 00 p
t-4
p'rH
1—1 0
0 B Ch t-4 tH H' VO VO Ch Ch 00 VO VO o
0 O ro O in CN ro p p 00 O P CN
X r4 en CN O H’ ro CN t—1 TT en H' CN CN
< 0 tH tH tH t—1 1—1 t—1 tH t—1 tH tH tH t-4
ü
ai 00 Ch 00 00 H' P UO P 00 UOu p Ch Ch tH H* H" O P UO CN
k iH o P 00 P tH uo P Tf CN uo0 0 CN 00 CN UO O VO TT VO CN O VOU U 1—1 o O tH tH O O t—1 t—1 tH O o
O o O c O O O O O O O O o
CN
o un t—1 en VO o UO VO tH p en P H*
tH tH ro m O o Ch P UO p uo VO 1—1
O in CN t—1 CN CN VO 00 Ch O P o
X g Ch LD VO tH P t—1 00 tH 00 VO tH Ch
PT* CN CN tH en CN CN tH en CN CN CN tH
U
eu
CQ '
Eh
4J P H* P ro VO 00 O CN tH 00 H* UO
0 44 0 t-4 Ch CN vO ro H* VO Ch t—1 VO O Ch
0 1—1 en P P VO O CN Ch P ro 00 en Ch
eu Di CN t—1 O  , CN CN tH O CN CN t—1 t—1 O
C • g o o O O O O O O O o o O
•H -P 0 . * • • • • • • • • ' • • •
0 o o O o O O O O O o o O
ü
•H
eu
X 0
0
44 01 •H
0 44 0 0 44 ^ ro H’ uo
0 iH •H U rH CO tH o
0 0 X 0 0 P Ch o
1—1 -P 0 0 U U O O t—1
0 0 eu 0 p ' o O o
0 0 g U 0 • • •
X rC 0 X u o O o
<
CN 0 u
« 0 0
O •H -p
t-4 -P 0
X 0 o uo uo
0 P p 00 Ch
1—1 0 X
X -P 44
0 0 ■H
Eh 0
-185-
10.4 THERMOCHEMICAL MEASUREMENTS: HEATS OF COMPLEXATION
The heat of complexation of a cation with a ligand was 
measured by breaking an ampoule containing a solution of the 
ligand into a solution of the salt in the same solvent. The 
concentration of the salt was varied, and by an iterative 
calculation using program 'DELHLK', both the complexation 
constant and the enthalpy of complexation were obtained.
The solution of the ligand was delivered into the ampoule 
by a precision micrometer syringe, the amount delivered being 
counter-checked by weighing. The ampoules were stopped by 
silicone-rubber plugs.
In all cases, the recorded values of AH are those ob-c
tained by the iterative procedure, that is corrected for in­
complete complexation and corrected for activity coefficients
- j-
of M and ML. For the following tables, the concentration 
of the salt always refer to the final concentration in the 
calorimetric vessel, unless otherwise stated.
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10.4.1 Enthalpies of complexation of lithium nitrate with 
18-crown-6 in methanol
Table 10.22 AH of LiNO. with 18C6 in MeOH^^^c à
Cone.of LiNO^(M) 
X 10-3
Ocorr (cal) AH^ (cal mol
20.000 -0.01829 -381
39.782 -0.02395 -412
39.781 -0.02395 -412
39.781 -0.02316 -398
7.978 -0.01246 -387
7.978 -0.01464 -455
59.924 -0.03180 -503
Averaged value, AH°=-422+44
Log K^= 2.05
(a) 0.500 ml of 18C6 solution was used. The final concentration 
of 18C6 in calorimetric vessel=7.76764x10-4 M. The final 
volume of solution in calorimetric vessel=103.5 ml.
(b) correction for breaking ampoule containing 0.5000 ml of 
18C6 into methanol=-0.01455 cal.
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10.4.2 Enthalpies of complexation of sodium iodide with
18-crown-6 in methanol
Table 10.23 of Nal with 18C6 in MeOH^^^
Cone, of Nal 
(M) X 10"^
Qcorr(cal)'b)
X 10-2
AH (cal mol 
^ 3X 10^
1.9900 -6.137 -7.7983
1.9900 -5.790 -7.3574
1.9900 -6.090 -7.7380
1.9900 -5.910 -7.5099
1.9900 -6.236 -7.9241
1.9900 -6.091 -7.7399
4.9751 -6.558 -7.1048
4.9751 -7.204 -7.8043
4.9751 -7.136 -7.7310
4.9751 -6.754 -7.3172
9.9502 -7.540 -7.8346
9.9502 -7.752 -8.0547
9.9502 -7.383 -7.6715
9.9502 -7.397 -7.6865
Averaged value,AH° = -7662 ± 256
log K^= 4.49
(a) 0.500 ml of 18C6 solution was used. The final concen­
tration of 18C6 in the calorimetricvessel=9.95025x10“  ^M, 
The final volume of solution in the calorimetric vessel 
=100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of 
18C6 into methanol=-0; 003911 cal.
—188—
10.4.3 Enthalpies of complexation of potassium iodide with 
18-crown-6 in methanol, potassium perchlorate with 
18-crown-6 in dimethvlsulphoxide and N ,N-dimethvl- 
formamide.
Table 10.24 AH of KI with 18C6 in MeOHc
(a)
Cone, of KI 
(M) X  10"4
°corr<=f ’
X  1 0 - 2
AH (cal mol 
4
X  10*
1.9900 -6.139 -1.2345
1.9900 -6.500 -1.3071
1.9900 —6.505 -1.3081
1.9900 -6.500 -1.3071
4.9751 -6.302 -1.2628
4.9751 -6.500 -1.3025
4.9751 -6.505 -1.3035
4.9751 -6.191 -1.2405
9.9503 -7.116 -1.4245
9.9503 -6.282 -1.2576
9.9503 -6.336 -1.2684
9.9503 -6.883 -1.2779
Averaged value, AH° 
log
= -12995 ± 554 
= 6 .1 0 (c)
(a) 0.500 ml of 18C6 solution was used. The final concen­
tration of 18C6 in the calorimetric vessel was
— 54.9751 X  10 M. The final volume of solution in the 
calorimetric vessel=100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of 
18C6 solution into methanol=-0.003911 cal.
(c) from ref.171.
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Table 10.25 AH^ of KClO^ with 18C6 in dimethylsulphoxide (a)
Cone, of KCIO^
(M) X 10"4
AH^(cal mol
50.0112 -0.17385 -7659.6
50.0112 -0.17155 -7558.3
49.2410 -0.17524 -7735.4
24.5649 -0.15484 -7595.8
9.8260 -0.12303 -7988.6
9.8260 -0.12251 -7954.8
, 4.9130 -0.08468 -7926.7
• 4.9130 -0.08486 -7943.1
2.4560 -0.04772 -7336.2
2.4560 -0.04871 -7488.2
Averaged value, A = -7719 ± 228
log = 3.28
(a) 0.500 ml of 18C6 solution was used. The final concentra-
-4tion of 18C6 in the calorimetric vessel was 2.4890 x 10 M. 
The final volume of solution in the calorimetric vessel was
102.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of
18C6 solution into DMSO was -0.00566 cal (average of 3 runs)
-190-
Table 10.26 AH^ of KCIO^ with 18C6 in N,N-dimethylformamide (a)
Cone, of KCIO^ 
(M) X 10“^
Ocorr (cal) AH^(cal mol” )^
50.4170 -0.22287 -8862.8
50.4170 -0.22368 -8895.0
24.7140 -0.21863 -8842.5
24.7140 -0.21678 -8767.4
9.8860 -0.20389 -8729.1
9.8860 -0.20609 -8823.1
4.9430 -0.17892 —8666.4
4.9430 -0.18274 -8851.9
2.4710 -0.13491 -8917.9
2.4710 -0.13298 -8789.9
Averaged value, AH° =-8815 ± 77
log = 4.16
(a) 0.500 ml of 18C6 solution was used. The final concentra­
tion of 18C6 in the calorimetric vessel was 2.4953 x 10"^ M, 
and the final volume of solution in the calorimetric 
vessel was 102.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of
18C6 solution into DMF was -0.00458 cal (average of 3 runs).
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10.4.4, Enthalpies of complexation of Rubidium iodide
with 18-crown-6 in methanol.
Table 10.27 AH^ of Rbl with 18C6 in MeOH^^^
Cone, of Rbl 
(M) X 10"4 X  10
AH (cal mol 
4
X  10
1.9900 -1.1631 -1.22311
1.9900 -1.1575 -1.21722
1.9900 -1.1452 -1.20429
1.9900 -1.1468 -1.20597
1.9900 -1.1814 -1.24236
4.9751 -1.2077 -1.22464
4.9751 -1.2268 -1.24401
4.9751 -1.2278 -1.24502 .
4.9751 -1.1656 -1.18195
9.9503 -1.2097 -1.21757
9.9503 -1.1945 -1.20227
9.9503 -1.2020 -1.20982
9.9503 -1.2304 -1.23840
Averaged value, AH° = -12197 ± 191
log K = c 5.27
(a) 0.500 ml of 18C6 solution was used. The final concentration 
of 18C6 in the calorimetric vessel was 9.95025 x 10”  ^M.
The final volume of solution in the calorimetric vessel 
= 100.5 ml•
(b) correction for breaking ampoule containing 0.500 ml of 18C6 
solution into methanol = -0.003911 cal.
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10.4.5 Enthalpies of complexation of caesium iodide with
18-crown-6 in methanol.
Table 10.28 AH of Csl with 18C6 in MeOH^^^c
Cone, of Csl 
(M) X 10~4 X  10-1
AH (cal mol 
c 4 
X  10
1.9900 -1.0616 -1.25203
1.9900 -1.0200 -1.20297
1.9900 -1.0172 -1.19967
. 1.9900 -1.0241 -1.20781
1.9900 -1.0757 -1.26866
4.9751 -1.1471 -1.20780
4.9751 -1.1689 -1.23075
4.9751 -1.2099 -1.27392
4.9751 -1.1434 -1.20390
4.9751 -1.1619 -1.22338
9.9503 -1.1875 -1.21682
9.9503 -1.1762 -1.20524
9.9503 -1.2459 -1.27666
9.9503 -1.1960 -1.22553
9.9503 -1.1782 -1.20729
Averaged value, AH° = -12268 ± 275
log = 4.69
(a) 0.500 ml of 18C6 solution was used. The final concentration 
tion of 18C6 in the calorimetric vessel was 9.95025x10“  ^M. 
The final volume of solution in the calorimetric vessel
= 100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of 
18C6 solution into methanol = -0.003911 cal.
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10.4.6 Enthalpies of complexation of ammonium iodide
with 18-crown-6 in methanol and methanol-water
(70/30 wt.%)
Table 10.29 of NHI with 18C6 in MeOH (a)
Cone, of NH^I 
(M) X 10"4
Ocorr(cal)
X 10”2
AH^(cal mol” )^
X 10^
1.9900 -7.556 -1.10079
1.9900 -7.004 -1.02037
. 1.9900 -7.332 -1.06816
1.9900 -7.047 -1.02664
4.9751 -8.394 -0.96533
4.9751 -8.574 -0.98603
4.9751 -8.487 -0.97602
4.9751 -8.526 -0.98051
9.9503 -9.775 -1.04685
9.9503 -10.293 -1.10233
9.9503 -9.820 -1.05167
9.9503 -10.118 -1.08358
19.9000 -9.982 -1.03368
19.9000 -10.327 -1.06940
19.9000 -10.340 -1.07075
19.9000 -9.853 -1.02032
Averaged value, AH° = -10377 ± 442
log 4.23
(a) 0.500 ml of 18C6 solution was used. The final concentra­
tion of 18C6 in the calorimetric vessel was 9.95025x10”  ^M. 
The final volume of solution in the calorimetric vessel
= 100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of 
18C6 solution into methanol = -0.00391 cal.
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Table 10.30 AHc of NH^I with 18C6 in MeOH/H-O (70/30wt.%)
Cone, of NH^I 
(M) X 10”4 X 10”2
AH_(cal mol )^ 
3X 10^
4.9751 -4.256 -4.9746
4.9751 -3.506 -4.0979
4.9751 -3.281 -3.8348
4.9751 -3.903 -4.5620
9.9503 -5.435 -4.4629
9.9503 -5.863 -4.8151
9.9503 -6.049 -4.9674
9.9503 —6.400 -5.2556
9.9503 -6.298 -5.1716 -
19.9000 -6.804 -4.4689
19.9000 —6.626 -4.3521
19.9000 -7.449 -4.8928
19.9000 -8.104 -5.3228
Averaged value, AH° = -4706 ± 454
log 3.27
(a) 0.500 ml of 18C6 solution was used. The final concentration 
of 18C6 in the calorimetric vessel was 1.990 x 10”  ^M.
The final volume of solution in the calorimetric vessel 
was 100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of
18C6 solution into methanol = -0.0120 cal (average of 5 runs)
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10.4.7 Enthalpies of complexation of silver nitrate with 
18C6 in methanol and silver perchlorate with 18C6 
in methanol/water (70/30 wt.%)
Table 10.31 of AgNOu with 18G6 in MeOH^^)
Cone, of AgNOg 
(M) X 10”4
«corr'f
X 10-2
(cal mol )^ 
c 3 X 10-3
1.9900 -8.803 -10.2864
1.9900 -8.665 -10.1251
1.9900 -8.014 - 9.3649
1.9900 -8.262 - 9.6542
1.9900 -7.361 - 8.6014
4.9751 -9.365 - 9.8278
4.9751 -8.711 - 9.1415
4.9751 -9.467 - 9.9348
4.9751 -9.389 - 9.8530
9.9503 -9.522 - 9.7414
9.9503 -9.348 - 9.5634
9.9503 -9.392 - 9.6084
9.9503 -9.499 - 9.7179
9.9503 -9.566 - 9.7864
Averaged value AH° = -9658 ± 417
log = 4.72
(a) 0.500 ml of 18C6 solution was used. The final concentra-
-5
tion of 18C6 in the calorimetric vessel was 9.95025x10 M. 
The final volume of solution in the calorimetric vessel 
= 100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of 
18C6 solution into methanol = -0.00391 cal.
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Table 10.32 of AgClO^ with 18C6 in MeOH/HgO (70/30wt.%) (a)
Cone, of AgClO^ 
(M) X 10"4
Qcorr(cal)
X 10-2
(b) AH (cal mol 
3
X  10
1.9900
1.9900
1.9900
1.9900
1.9900
4.9751
4.9751
4.9751
4.9751
9.9503
9.9503
9.9503
9.9503
19.9000
19.9000
19.9000
19.9000
19.9000
-1.297 
- 1.212 
-1.405 
-1.715 
-1.184 
-2.625 
-2.394 
-2.672 
-2.628 
-4.510 
-4.910 
. -4.442
-4.982 
—6.046 
-6.274 
-6.571 
-6.250 
- 6.001
Averaged value, AH° 
log K
-4.2247
-3.9478,
-4.5765
-5.5862
-3.8566
-4.1543
-3.7887
-4.2287
-4.1591
-4.6563
-5.0692 -
-4.5861
-5.1436
-4.6190
-4.7932
-5.0201
-4.7748
-4.5846
-4543 ± 484
3.04
(a) 0.500 ml of 18C6 solution was used. The final concentra-
-4tion of 18C6 in the calorimetric vessel was 1.990 x 10 M. 
The final volume of solution in the calorimetric vessel was
100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of
18C6 solution into methanol = 0.102 cal (average of 6 runs).
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10.4.8 Enthalpies of complexation of sodium iodide with
DB18C6 in methanol and methanol/water (70/30 wt.%)
Table 10.33 of Nal with DB18C6 in MeOH^-^
Cone, of Nal 
(M) X 10”3 X 10 2
AH (cal mol )^ 
c 4 
X 10
0.5088 - 9.685 -1.2549
0.5088 - 9.434 -1.2224
1.0111 - 8.265 -0.9329
1.0111 - 8.275 -0.9341
2.0000 -13.032 -1.3701
2.0000 -11.000 -1.1564
4.0000 -14.253 -1.4437
Averaged value, AH° = -11878 t 1978
log K = c , 3.86
(a) measurements were obtained by breaking a solution of Nal 
in MeOH in the ampoule into a solution of ligand. 0.500 
ml of Nal solution was used. The final concentration 
of DB18C6 in the calorimetric vessel was 9.95169 x 10”  ^
The final volume of solution in the calorimetric vessel 
was 103.5 ml.
M.
(b) correction for breaking ampoule containing 0.500 ml of
Nal solution into MeOH at different final concentration
-4of Nal was: -0.04277 cal for 5.08765 x 10
-3
M, -0.11195
cal for 1.01108 x 10 M, -0.25605 cal for 2.00 x 10-3 M,
and -0.68455 cal for 4.00 x 10-3 M.
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Table 10.34 AH^ of NaT with DB18C6 in MeOH/HgO (70/30 wt.%)
Cone, of Nal
X  10”3 ( M ) X  10“2
AH^(cal mol )^
3
X  10
0.5148 -3.080 -5.2946
0.5148 -2.846 -4.8925
1.0068 -4.016 -5.3884
1.9990 -4.187 -4.8310
1.9990 -4.192 -4.8371
3.0137 -4.768 -5.2030
. 3.0137 -5.131 -5.5991
Averaged value, AH° = -5149 ± 302
log = 3.46
(a)measurements were obtained by breaking a solution of Nal in 
MeOH/HgO in the ampoule into a solution of the ligand.
0.500 ml of Nal solution was used. The final concentration 
of DB18C6 in the calorimetric vessel was 1.00163 x 10”  ^M. 
The final volume of solution in the calorimetric vessel was
103.5 ml.
(b)correction for breaking ampoule containing 0.500 ml of Nal 
solution into MeOH/H^O at different final concentration of 
Nal was: -0.02289 cal for 5.14824 x 10  ^M, -0.05477 cal 
for 1.00683 X 10“  ^M, -0.11543 cal for 1.99903 x 10“  ^M,
-0.170611 cal for 3.01372 x 10-3 M,
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10.4.9 Enthalpies of complexation of potassium iodide with
dibenzo-18-crown-6 in methanol and methanol/water
(70/30 wt.%)
(a)Table 10.35 AH of KI with DB18C6 in MeOH c
Cone, of KI 
(M) X 10"4 X 10-1
AH (cal mol~^)
1.9900 -1.0341 -1.0992
1.9900 -1.0677 -1.1349
' 1.9900 -0.9986 -1.0614
4.9751 -1.0290 -1.0468
4.9751 -0.9902 -1.0073
4.9751 -0.9830 -1.0000
9.9503 -1.0690 -1.0776
9.9503 -1.1765 -1.1859
9.9503 -1.1802 -1.1896
Averaged value, AH° = -10892 ± 698
log = 5.18
(a) measurements were obtained by breaking a solution of KI
in MeOH in the ampoule into a solution of the ligand.
0.500 ml of KI solution was used. The final concentration
-5of DB18C6 in the calorimetric vessel was 9.95025 x 10 M. 
The final volume of solution in the calorimetric vessel 
was 100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of KI
solution into MeOH at different final concentration of KI
-4was: -0.0185 cal for 1.990 x 10 
-4
M, -0.0541 cal for
4.9752 X 10 M. and -0.11318 cal for 9.95025 x 10-4 M.
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Table 10.36 AH^ of KI with DB18C6 in MeOH/HgO (70/30 wt.%)'(a)
Cone, of KI
X  1 0 ” 4  (M) X  10"2
AH^ (cal mol )^
X  10^
1.9900 -3.530 -6.3784
1.9900 -3.606 -6.5157
4.9751 ' -5.615 -7.1948
4.9751 -5.338 -6.8399
4.9751 -5.849 -7.4947
9.9503 -5.845 -6.6223
9.9503 -5.497 -6.2280
Averaged value, AH° = -6753 ± 455
log K = c 3.94
(a) measurements were carried out by breaking a solution of
KI in MeOH/HgO in the ampoule into a solution of the
ligand. 0.500 ml of KI solution was used. The final
concentration of DB18C6 in the calorimetric vessel 
■ - 5was 9.95025 x 10 M. The final volume of solution in 
the calorimetric vessel was 100.5 ml.
(b) correction for breaking ampoule containing 0.500 ml of
KI solution into MeOH/H^O at different final concentra-
-4tion of KI was; -0.01329 cal for 1.990 x 10 M, 
-0.02815 cal for 4.97512 x 1 0 ”  ^m, -0.05497 cal for
9.95025 X  10-4 M,
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10.4.10 Enthalpies of complexation of sodium picrate with
18-crown-6 in wet tri-n-butvlphosphate
The heats of complexation of anhydrous sodium picrate 
with 18-crown-6 in wet TBP were obtained by breaking anhy­
drous sodium picrate powder in the ampoule into 18-crown-6 
solution in wet TBP. The observed heat was then corrected 
for the heat of solution of anhydrous sodium picrate, pre­
viously measured and the heat of breaking the empty ampou­
le. This corrected heat (OcQ^r^ was then used in calcula­
ting the apparent enthalpy of complexation which is given 
by
=  Qcorr '^
where n is the gram-mol of NaPic used. (The concentration 
ratio of L/M was always 1.05, hence the cation was present 
in smaller concentration) . By plotting against N^aPicj
and extrapolating to infinite dilution, the standard enthal­
py of complexation, AH° was obtained.
Table 10.37 AH^^^ of NaPic with 18C6 in wet TBPc
(70.0% saturated with water)
Wt. of 18C6
(g)
j^ NaPic]
(M)xl(T'*
^soln+amp(^^
(cal)
Qcorr(cal) AHaPP ^ —1 
(cal mol
0.02863 10.0645 0.88865 -0.18125 -1766
0.01676 5.8914 0.52346 -0.06205 -1033
0.00858 2.9457 0.27180 -0.01989 — 662
0.00434 1.4729 0.14135 -0.00797 - 531
Extrapolated value, AH° = - 420
(a) ^soln+amp to the correction for heat of solution
of NaPic and breaking of empty ampoule. AH°^^^.of 18C6 in
70% water saturated TBP=8132 cal mol”  ^ (from Table 10.18), 
The heat for breaking empty ampoule=0.00783 cal.
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Table 10.38 of NaPic with 18C6 in wet TBPc
(85.0% saturated with water)
Wt. of 18C6 
(g)
NaPic (M)
X 10-4
^soln+amp
(cal)
^corr(cal)
AH^PP
 ^ — 1 
(cal mol )
0.02638 9.0061 0.78461 -0.16406 -1786
0.01237 4.3953 0.37277 -0.04861 -1084
0.00854 2.9302 0.26018 -0.02626 - 879
0.00424 1.4651 0.13378 -0.01135 - 760
Extrapolated value, AH^ c = - 660
(a) Qsoln+amp refers to correction for the heat of solution of
NaPic and breaking of empty ampoule. for 18C6 in
85.0% water saturated TBP=7770 cal mol”  ^ (from Table 10.18) 
The heat of empty ampoule correction=0.00914 cal.
Table 10.39 AH^PP of NaPic with 18C6 in wet TBP c
(95.0% saturated with water)
Wt. of 18C6
(g)
NaPic (M)
X  10-4
^soln+amp
(cal)
Qcorr(cal) A B f C S )  
(cal mol )^
0.04301 15.0664 1.23500 -0.29558 -1923
0.02510 8.8194 0.72491 -0.13418 -1492
0.00839 2.9398 0.24900 -0.03502 -1168
0.00441 1.4904 0.13565 -0.01738 -1144
0.00447 1.4904 0.13736 -0.01649 -1085
Extrapolated value,, AH° -1000±351
(a) Q refers to the correction for heat of solution of NaPic and
AH , of 18C6 in 95.0% water soln
soln+amp 
breaking of empty ampoule.
saturated TBP=7528 cal mol“^(from Table 10.18). The heat of
empty ampoule correction=0.01005 cal.
sz4->
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Graph 10.3: Plot of apparent enthalpies of 
complexation of NaPic with 18C6 
in 95% water saturated TBP, 
against the molar concentration 
of the salt.
A H  =-1000 cal mol-1000
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10.4.11 Enthalpies of complexation of potassium picrate
with 18-crown-6 in wet tri-n-butvlphosphate
The heat of complexation of potassium picrate with 18- 
crown-6 in wet TBP were obtained by breaking an ampoule con­
taining 0.500 ml of 18-crown-6 solution in wet TBP into a 
solution of KPic in wet TBP. The observed heat was corrected 
for the heat of breaking of an ampoule containing 0.500 ml 
of 18C6 solution into 100 ml of wet TBP. Since the concen­
tration of 18-crown-6 solution was varied from one run to 
another, it would be necessary to do a correction for each 
run, which is too tedious to perform. This was avoided by 
carrying out corrections at selected concentrations of 18- 
crown-6 and plotting them against [iSCG] '^ . (refer graph 10. 4) 
Hence the correction at any other concentration of 18-crown- 
6 was interpolated.
The corrected heat (O^orr^ reaction was then used in 
calculating the apparent enthalpy of complexation, which is 
given by
= (1000 X Q^^^p/(100.5 x (kPIc) ) (10 .18)
where ^KPicl refers to the molar concentration of KPic in
100.5 ml of solution in the calorimetric vessel. By plotting 
A a g a i n s t  ^KPicj and extrapolating to infinite dilution, 
the standard enthalpy of complexation, AH° was obtained.
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Graph 10.4: Plot of heats of breaking ampoules containing 
0.50 ml of 18C5 solution in wet TBP into the 
same solvent (102 ml), against the square root 
of 18C6 concentration ^
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Table 10.40 ofc
(70.25%
KPic with 18C6 
saturated with
in wet TBP 
water)
Wt.of 18C6
(g)
1^8C6) ^  
(M) X  10
[KPic)(M) 
2 X 10-4
Qcorr
(cal)
AH^PPc
(cal mol■')
0.00384 1.1960 1.3624 -0.11305 -8257
0.00991 1.9315 3.5530 -0.28697 -8037
0.01743 2.5615 6.2490 -0.50782 -8086
0.02427 3.0226 8.7013 -0.78331 -8957
Extrapolated value,AH° = -8540
Table 10.41 of
G
(85.87%
KPic with 18C6 
saturated with
in wet TBP 
water)
Wt.of 18C6 
(g)
(l8C6) ^  
(M) X 10"
(KPic)(M) 
2 X 10-4
Qcorr _ 
(cal) (cal mol
0.00362 1.1674 1.2979 -0.08825 —6766
0.00962 1.9030 3.44 90 -0.25391 -7325
0.01063 1.9808 3.5221 -0.26193 -7400
0.01822 2.6189 6.5323 -0.54070 -8236
Extrapolated value,AH° = -6390± 606
(a) r =.' 0.999
Table 10.42 AH^PP of
(7
Kpic with 18C6 in wet TBP
(95.0% saturated with water)
Wt.of 18C6
(g)
(l8C6) ^  
(M) ^ x 10
(KPic^ (M) 
2 X 10-4
Qcorr c 
(cal) (cal mol
0.00337 1.1153 1.1642 -0.05542 -4644
0.00828 1.7482 2.9104 -0.17329 -5809
0.01243 2.1411 4.3657 -0.28925 -6464
0.01697 2.5027 5.9664 -0.44554 -7285
Extrapolated value,AH° = -4100+ 1 1 1 !
(a)
(a) r =0.996
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Graph 10.6: Plot of apparent enthalpies 
of complexation of KPic with 
18C6 in 85.87% water saturated 
TBP, against the molar 
concentration of the salt.
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CHAPTER 11
DISTRIBUTION STUDIES
11.1 DISTRIBUTION OF 18-CROWN-6, DIBENZO-18-6 AND CRYPTAND 222
11.1.1 Experimental procedure
The pair of solvents used in the distribution experi­
ment were mutually presaturated overnight at 298.15K, in 
order to minimise the volume change in the actual experi­
ments. Experiments were carried out using glass-stoppered 
extraction tubes of 40 ml or 100 ml capacity. The ratio of 
the volume of two solvents was varied in order to get about 
equal amounts of the substances distributed into each phase.
A weighed quantity of the substance, together with the pre­
saturated solvents was placed in the tubes. The tubes were 
then stoppered securely and were left in a water bath at 
298.15±0.1K with constant shaking for an hour. They were 
then allowed to settle and to equilibrate for another half 
an hour, when they were centrifuged for 3 minutes. They 
were then put back into the bath and the two phases were not 
separated until just before analyses, in order to prevent 
evaporation of the solvents and re-distribution due to tem­
perature change.
In some of the distribution experiments recorded below, 
analyses of 18-crown-6 were carried out calorimetrically with 
the LKB 8700 calorimeter, using a calibration technique. In 
this method, a calibration plot is first obtained by measur­
ing the heat changes when several 0.500 ml portions of a 
known concentration of 18-crown-6 (in the same solvent as in 
the distribution experiment) in the ampoules were broken into 
separate KCl solutions of very high concentration (to ensure 
almost complete complexation between K and 18C6) In the
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actual analysis, 0.500 ml of the 18-crown-6 solution of 
unknown concentration was broken into the KCl solution of 
the same concentration as the calibration runs. From the 
heat change observed, and the calibration plot the concen­
tration of 18-crown-6 was obtained. In order to avoid ex­
perimental error, both calibration runs and actual analyses 
runs were carried out at as identical conditions as possible.
The above calorimetric calibration is very tedious.
With the availability of a Tronac titration calorimeter, it 
is possible to analyse quantitatively 18-crown-6 by titrating 
it with a more concentrated standard solution of KI in metha­
nol solution (chosen because of the high complexation cons­
tant, logK=6.10, between and 18-crown-6 in methanol); 
an 18-crown-6 solution of unknown concentration (0.50-0.80 ml) 
was placed in a 25 ml calorimetric vessel, followed by addi­
tion of methanol (20.0 ml). At the same time, the gilmour 
burette (2.5 ml capacity) was filled up with a methanolic 
solution of KI, whose concentration is about twice that of 
the expected concentration of 18-crown-6 solution. The whole 
system was then lowered into the thermostated calorimetric 
bath and allowed to equilibrate for 15 minutes. The chart 
recorder was then allowed to trace for two minutes before 
the titration was initiated. When the titration is initiated, 
the slope of the trace was changed because of the heat evolved 
The end point was marked by yet another change of slope, when 
no more heat of complexation was evolved. The actual duration 
of titration was then measured from the chart paper and the 
titre value deduced, knowing the rate of delivery of the bu­
rette (see Fig.11.1). For details of the operation of the 550 
Tronac titration calorimeter, the operation manual should be
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Fig. 11.1: Analysis of 18C6 by calorimetric titration of 
methanolic solution of KI: A typical trace of 
the titration process.
IS
o .
I
equivalent duration of titration 
-1Speed of chart recorder: 30 mm min
Rate of delivery of burette: 0.100 ml min. -1
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should be consulted.
Dibenzo-18-crown-6 was analysed spectrophotometrically.
Cryptand 222 was analysed by titrating it with 0.1 M
304HCl solution, using bromocresol green as indicator
277
Cryptand 222 is a diamine with pKi=9.60 and pK2=7.28 . It,
can be protonated twice in water. The green transition 
range of the colour indicator is used as the end point, ti­
tration; it corresponds to the second protonation. The ti­
tration procedure is outlined here: to the cryptand 222 so­
lution (1 or 5 ml), water (10 ml) was added, followed by 
three drops of the indicator. The mixture was then magneti­
cally stirred and titrated slowly.
11.1.2 Results of distribution studies
The results of distribution studies of 18C6, DB18C6 and 222
together with the calibration run for the analyses of 18-
crown-6 are given in the tables and graphs below:
Table 11.1a Calorimetric calibration for analysis of 18C6 
in aqueous phase, by complexing with KCl^^^
Cone, of 18C6(M)
0.75699 -2.5734
0.74185 -2.5303
0.72671 -2.4422
0.69643 -2.3374
0.66615 -2.2050
0.63587 -2.0935
(a) both 18C6 and KCl were prepared in water presaturated with 
n-tetradecane; the concentration of KCl solution was 
0.45271 M in the calorimetric vessel.
(b) this refers to concentration of 18C6 solution in the ampoule 
(0.500 ml).
(c) there is about 98% complexation of 18C6. The calibration 
plot has slope=-0.24786 intercept=0.11816 r=-0.999
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2.60 Graph 11.1: Calorimetric calibration for analyses
of 1806 in aqueous phase, by complexing 
with excess KCl.
Plot of observed heat of complexation 
against molar concentration of 18C6 
in the ampoule (0.500 ml).
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Table 11.1b Result of distribution of 18C6 between water
and n-tetradecane
Deduced conc.of 
18C6 (M) in 
aqueous phase
Averaged 
conc. of 
18C6 (M)
Distribution
constant
(D^ )
-2.51263 0.741
-2.51263 0.741 0.741 0.001057
-7
-2.51263 0.741
(a) The volume ratio was n-tetradecane:water = 60:3 (ml) 
Initial concentration of 18C6 in water solution was
0.75666 M.
(b) Three separate analyses of the aqueous phase of one 
distribution experiment.
Table 11.2a Calorimetric calibration for analysis of 
18C6 in MeOH/H-O (70/30 wt.%) phase by
complexing with KCl (a)
Cone, of 18C6(M)
0.37816 -1.81222
0.36303 -1.73777
0.34790 -1.65750
0.33278 -1.58026
0.31765 -1.49677
(a) Concentration of KCl solution was 9.39604 x 10“  ^M in 
the calorimetric vessel.
(b) This refers to the concentration of 18C6 in the ampoule 
(0.500 ml).
(c) There is greater than 99% complexation of 18C6. The 
calibration plot has slope=-0.19180 intercept=0.03011 
r=0.999
-218-
Table 11.2b Result of distribution of 18C6 between
MeOH/HgO (70/30 wt .%) and n-■tetradecane
Qobs Deduced conc.of Averaged Distribution
18C6 (M) in conc. of constant
aqueous phase 18C6 (M) (D^ )
-1.78993 0.3773
-1.78194 0.3718 0.3745 0.00079
-1.79649 0.3745
(a) The volume ratio was n-tetradecanezMeOH/HgO = 60:4 (ml) 
Initial concentration of 18C6 in MeOH/H^O was 0.37894 M
(b) Three separate analyses of the MeOH/H^O phase of one 
distribution experiment.
Table 11.3a Calorimetric calibration for analysis of 
18C6 in MeOH phase by complexing with KI (a)
Conc. of 18C6 (M) (b) Qobs'cal)
(c)
0.37833 -2.37134
0.34806 -2.18239
0.31780 -1.94902
0.28753 -1.75330
0.25726 -1.57808
0.22700 -1.43152
0.19673 -1.25415
(a) The concentration of KI solution was 3.76447 x 10”  ^M 
in the calorimetric vessel.
(b) This refers to the concentration of 18C6 in the ampoule 
(0.500 ml).
(c) There is greater than 99.9% complexation of 18C6. The 
calibration plot has slope=-0.16149 intercept=_0.00131 
r=-0.998
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Table 11.3b Result of distribution of 18C6
(a)MeOH and n-tetradecane
between
Averaged
^obs
(cal)
Averaged 
conc. of 
18C6 (M)
Distribution
constant
' V
-1.99948
-2.00526 -2.00378 0.3215 0.0118
-2.00660
(a) The volume ratio was n-tetradecane:MeOH = 
Initial concentration of 18C6 in MeOH was
(b) Three separate analyses of MeOH phase of ' 
experiment.
60.4:4.0 (ml) 
0.37833 M. 
one distribution
Table 11.4 Result of calorimetric titration 
propylene carbonate phase in the 
study of 18C6 between propylene 
n-tetradecane
analyses of 
distribution 
carbonate and
Volume of 
titrate
Titre^^ ' Conc. of 
(ml) 18C6 in PC 
(M)
Conc. of Distribution 
18C6 in constant 
n-tetra- (D_) 
decane(M)
0.50 0.2833 0.29907 0.01273 0.04256
0.60 0.3383 0.29761 0.01295 0.04350
0.80 0.4533 0.29910 
Averaged
0.01273
value,
0.04255
0.04287
(a) The volume ratio of n-tetradecane:PG = 20.0:3.0 (ml)
Total 18G6 in the system = 0.30444 g.
(b) Concentration of the titrant, KI in MeOH, was 0.52784 M
The delivery rate of the gilmour burette was 0.100 ml per
minute. Speed of chart recorder = 30 mm per minute.
(c) Obtained from the difference.
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Table 11.5 Result of calorimetric titration 
DMSO phase in the distribution of 
DMSO and n-tetradecane.
analyses of 
18C6 between
Volume of Titre Conc. of Conc. of Distribution
titrate (ml) 18C6 in . 18C6 in constant
DMSO (M) n-tetra­ ( V
decane (M)
0.60 0.355 0.31231 0.01028 ■ ■ 0.03291
0.60 0.348 0.30644 0.01116 0.03641
0.80 0.480 0.31670 0.00962 0.03038
' Averaged value,D^ = 0.03323
(a) The volume ratio of n-tetradecane:DMSO = 20.0:3.0 (ml) 
Total 18C6 in the system = 0.30198 g.
(b) Concentration of the titrant, KI in MeOH, was 0.52784 M. 
The delivery rate of the gilmour burette was 0.100 ml 
per minute, speed of recorder = 30 mm per minute.
Table 11.6 Result of 
DMF phase 
DMF and n-
calorimetric titration 
in the distribution of 
-tetradecane^.
analyses of 
18C6 between
Volume of Titre Conc. of Conc. of Distribution
titrate (ml) 18C6 in 18C6 in constant
DMF (M) n-tetra­ (Di;
decane
0.60 0.323 0.28442 0.01458 0.05152
0.70 0.360 0.27146 0.01652 0.06085
0.80 0.420 0.27712 0.01567 0.05655
Averaged value, D^ 0.05622
(a) The volume ratio of n-tetradecane:DMF = 20.0:3.0 (ml) 
Total 18C6 in the system = 0.30258 g.
(b) Concentration of the titrant, KI in MeOH, was 0.52784 M. 
The delivery rate of the gilmour burette was 0.100 ml. 
per minute, speed of recorder = 30 mm per minute.
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Table 11.7 Result of calorimetric titration analyses of
MeCN phase in the distribution of 18C6 between
MeCN and n-tetradecane.
Volume of Titre Conc. of Conc. of Distribution
titrate (ml) 18C6 in 18C6 in constant
MeCN (M) n-tetra­
decane (M)
0.80 0.260 0.01372 0.00129 0.09370
0.80 0.247 0.01304 0.00142 0.10860
Averaged value, D^ = 0.10115 .
(a) The volume ratio of n-tetradecane:MeCN = 20.0 :3.8 (ml)
Total 18C6 in the system = 0.02058 g.
(b) Concentration of the titrant. KI in MeOH, was 0.04223 M.
The delivery rate of gilmour burette was 0.100 ml per
minute, speed of recorder = 30 mm per minute.
Table 11.8a Calorimetric calibration for analysis of
18C6 in aqueous phase by complexing with KCl ^
Conc. of 18C6 (M)
0.18890 -0.54118
0.15110 -0.42115
0.11330 -0.30846
0.07556 -0.20552
0.05668 -0.15400
0.03778 -0.10763
(a) Both 18C6 and KCl were prepared in water presaturated with
—  2TBP. The concentration of KCl solution was 9.1383 x 10 M. 
in the calorimetric vessel.
(b) This refers to the concentration of 18C6 solution in the 
ampoule (0.500 ml).
(c) obtained by breaking 0.500 ml of 18C6 solution into
103 ml of KCl solution. The calibration plot has 
slope=-0.34825 intercept=0.003015 r=-0.999
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Table 11.8b Result of distribution of 18C6 between water 
and TBp(^) .
Initial Conc. Qobs Deduced Conc. of Distribution
of 18C6 in (cal) conc. of 18C6 in , constant
aqueous phase 18C6 (M) in TBP phase
(M) aqueous (M)
phase
-0.4572 0.16230 0.00266 0.0164
0.18890 -0.4876 0.17290 0.00160 0.0093
-0.4876 0.17290 0.00160 0.0093
-0.3568 0.13020 0.00290 0.0161
0.15110 -0.3656 0.13040 0.00207 0.0158
-0.2505 0.09020 0.00105 0.0116
0.10070 -0.2322 0.08385 0.00169 0.0201
-0.2566 0.09235 0.00835 0.0091
Averaged value, D^ = 0.0135
(a) The volume ratio of TBP:water = 7.5:7.5 (ml)
(b) obtained by breaking 0.500 ml of 18C6 solution into
KCl solution (9.1383 x 10"^ M, 103 ml)
Table 11.9 Result of distribution of DB18C6 between water
and TBP
( a) (b)
Volume ratio Conc. of DB18C6 Conc. of DB18C6 Distribution
TBPzHgO (ml) in H.O (M) in TBP' (M) constant
3:87 2.562 X 10"5 9.0194 X 10-3 352
5:85 2.817 X 10"5 9.4757 X 10“^ 336
3:25 2.726 X 10"^ 9.4175 X 10"^ 345
Averaged value,D^ = 344
(a) analysed spectrophotometrically, at \  
molar extinction coefficient = 5503
max
(b) analysed spectrophotometrically, at \  
extinction coefficient = 5150
= 274.5 nm.
= 276 nm, molar
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Table 11.10 Result of titration analyses of cryptand 222
in its distribution between water and n-tetra-
_ (a)decane
TitrationI of aqueous Titration of n-tetra- Distribution
phase decane phase constant(D^)
Vol. of Titre Conc. Vol. of Titre Conc.
titrate (ml) of 222 titrate (ml) of 222
(ml) (M) (ml) (M)
1.00
1.00
1.095
1.095 0.0547
5.00
5.00
1.00
0.99 0.00099
0.01810
0.01859
1.00 1.095
1.00
1.00
1.180
1.160 0.0585
5.00
5.00
1.07
1.07
0.00107 0.01829
0.01877
1.00 1.170
0.01868Averaged value, =
(a) The volume ratio was n-tetradecane:water = 50.0:4.0 (ml) 
Total amount of 222 in first and second distribution 
experiments were 0.010117 g and 0.10809 g respectively. 
pH of aqueous phase = 11.20
(b) 0.100 M HCl in water used as titrant.
(c) 0.010 M HCl in water used as titrant. ,
(d) value corrected for the protonated species of 222.
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Table 11.11 Result of titration analyses of cryptand 222
in its distribution between PC and n-tetra-
(a)decane .
Titration of PC Titration1 of n-tetra- Distribution
phase decane phase constant(D^)
Vol. of Titre Conc. Vol. of Titre^c) Conc.
titrate (ml) of 222 titrate (ml) of 222
(ml) (M) (ml) (M)
1.00
1.50
0.470
0.705 0.0235
3.00
3.00
0.54
0.54 0.0090 0.3830
(a) The volume ratio was ni-tetradecane:PC =: 20.0:4 .0 (ml)
Total weight of 222 was 0.10197 g.
(b) 0.100.M HCl in water was used as titrant.
Table 11. 12 Result of titration analyses of 222 in its
distribution1 between DMSO and. n-tetradecane ^
Titration of DMSO Titration1 of n-tetra— Distribution
phase decane phase constant(D^)
Vol. of Titre Conc. Vol. of Titre Conc.
titrate (ml) of 222 titrate (ml) of 222
(ml) (M) (ml) (M)
1.00
1.00
0.495
0.495 0.02475
5.00
5.00
8 .1 9 (c)
8.19 0.00819 0.3309
1.00 0.610
0.0305
5.00 0.91 (b)
1.00 0.610 5.00
5.00
0.91
0.91
0.00910 0.2984
Averaged value, D^ = 0.3147
(a) The volume ratio was n-tetradecane:DMSO = 20.0:4.0 (ml) in 
first experiment and 25.0:5.0 (ml) in the second experiment 
Total amount of 222 vjere 0.09905 g and 0.14365 g for the 
first and second experiment respectively.
(b) 0.100 M HCl as titrant.
(c) 0.010 M HCl as titrant.
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Table 11.13 Result of titration analyses of 222 in its
distribution between DMF and n-tetradecane (a)
Titration of DMF Titration of n-tetra­ Distribution
phase decane phase constant (Dj^ )
Vol. of Titre Conc. Vol. of Titre Conc.
titrate (ml) of 222 titrate (ml) of 222
(ml) (M) (ml) (M)
1.00
1.00
0.685
0.685 0.03425
5.00 0.545 0.00545 0.1591
1.00 0.775 5.00 0.635
1.00 0.775 0.03875 5.00 0.635 0.00635 0.1640
1.00 0.775 5.00 0.625
Averaged value, D^ = 0.1615
(a) The volume ratio was n-tetradecane:DMF = 20.0:4. 0 (ml) in
the first experiment and 25.0 :5.0 (ml) in the second expe-
riment. Total amount of 222 were 0.09242 g and 0.13395 g
in the first and second experiment respectively.
(b) 0.100 M HCl as titrant.
Table 11 .14 Result of titration analysis of 222 in its
distribution between MeCN and n-tetradecane ^
Titration of MeCN Titration of n-tetra­ Distribution
phase decane ;phase constant(D^)
Vol. of Titre(b) Conc. Vol. of (b)T i t r e Conc.
titrate (ml) of 222 titrate (ml) of 222
(ml) (M) (ml) (M)
1.00 0.720
1.00 0.720 0.0360 5.00 0.50 0.0050 0.1389
1.00 0.720
(a) The volume ratio was n-tetradecane:MeCN = 20.0:4.0 (ml) 
Total amount of 222 in the system was 0.09047 g
(b) 0.100 M HCl as titrant..
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Table 11.15 Result of titration analysis of 222 in its
‘ ( 3 )distribution between water and n-octanol
Titration. of aqueous Titration of U'-octanol Distribution
phase phase constant(D^)Li
Vol. of Titre Conc. Vol. of Titre (b) cone.
titrate (ml) of 222 titrate (ml) of 222
(ml) (M) (ml) (M)
1.50 0.77 2.00 0.785 0.7748
1.5 0 0.76 0.02533 2.00 0.785 0.01963 0.8061(c)
1.50 0.76
1.50 1.03 1.50 0.785
1.50 1.03 0.03433 2.00 1.045 0.02618 0.7624
1.50 1.03 2.00 1.050 0 .7 8 8 9 (c)
Averaged value, = 0 .7 9 7 5 (c)
(a) The volume ratio was octanolrwater = 7.0:5.0 (ml).
Total 222 in the systems were 0.10135 g and 0.13836 g in the 
first and second experiments, respectively. ’
pH of aqueous phase = 11.0
(b) 0.100 M HCl as titrant
(c) Corrected for the protonated species of 222.
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11.2 DISTRIBUTION OF SODIUM AND POTASSIUM PICRATE BETWEEN
WATER AND TRI-N-BUTYLPHOSPHATE
Experimental procedure 
Water and TBP were mutually presaturated at 298.15l0.1 K, 
as described in section 9.2. Distribution experiments were 
carried out using 40 ml glass-stoppered centrifuged tubes.
An appropriate amount of the stock solution of the picrate 
in water was added to the tube, followed by addition of wa­
ter, in order to make up the right concentration (minimum of 
5.0 ml). This solution was then gently bubbled with oxygen- 
free nitrogen gas for 3 minutes to decarbonate it. The pH 
of this solution was then found. An equal volume of TBP 
(also decarbonated) was then added and the tube stoppered 
securely. The tubes were then left in a thermostatic bath 
at 298.15 ± 0.1 K, with constant shaking for an hour. They 
were then allowed to settle for another half an hour, when 
they were centrifuged for 3 minutes. They were then left 
in the bath and the two phases were not separated until just 
before analyses. The pH of the aqueous phase was fqund again 
after isolation of two phases. . The concentration of picrate . 
was then determined spectrophotometrically; X^ax " 377 nm 
and molar extinction coefficient = 177Q0 for picrate in wet 
TBP solutions; ” 355 nm, molar extinction coefficient
= 14400 in aqueous solution.
-228-
Table 11.16 Distribution of NaPic between water and TBP 
at 298
Conc. of picrate 
in TBP (M)
Conc. of picrate
in aqueous phase 
(M)
Distribution
ratio
2.4520 X 10-4 2.4306 X 10-4 1.009
2.4746 X 10-4 2.4514 X 10-4 1.009
2.4463 X 10~4 2.4653 X 10-4 0.992
5.0508 X 10-4 4.5764 X 10-4 1.104
5.0620 X 10-4 4.6319 X 10-4 1.093
5.0169 X 10-4 4.6320 X 10-4 1.083
9.4430 X 10-4 7.4861 X 10-4 1.261
9.1687 X 10-4 7.5069 X 10"4 1.221
9.4431 X 10-4 7.5556 X 10"4 1.250
1.4124 X 1 0 - 3 1.0000 X 10-3 1.412
1.7149 X 10-3 1.2037 X 10-3 1.425
1.7481 X 10-3 1.2060 X 10-3 1.450
2.4000 X 10-3 1.4611 X 10-3 1.643
2.4362 X 10-3 1.4750 X 10-3 1.652
3.0791 X 10-3 1.7396 X 10-3 1.770
3.1186 X 10-3 1.7743 X 10-3 1.758
(a) The pH of the aqueous phase varied randomly from 
6.5-7.5 before and after the distribution.
A plot of P°bs against fpic 1 is linear; a least' V aq
squares analysis gives, slope = 511.42 ± 12.95, 
intercept = 0.8658 ± 0.013, r = 0.99 .
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Table 11.17 Distribution of KPic between water and TBP 
at 298
Conc. of picrate Conc. of picrate Distribution
in TBP (M) in aqueous phase ratio
(M)
4.5140 X 10-4 5.2431 X 10-4 0.861
4.4068 X 10-4 5.3056 X 10-4 0.831
4.5367 X 10-4 5.3403 X 10-4 0.850
6.9831 X 10-4 7.5625 X 10-4 0.932
8.4184 X 10-4 8.7708 X 10-4 0.960
8.5028 X 10-4 8.7986 X 10-4 0.966
9.3842 X 10-4 9.6320 X 10-4 0.974
1.2994 X 10-3 1.1424 X 10-3 1.137
1.3145 X 10-3 1.1545 X 10-3 1.139
1.3051 X 10-3 1.1753 X 10-3 1.110
1.6667 X 10-3 1.3079 X 10-3 1.274
1.6045 X 10-3 1.3247 X 10-3 1.211
1.6328 X 10-3 1.3287 X 10-3 1.229
2.3525 X 10-3 1.6361 X 10-3 1.438
2.2684 X 10-3 1.6412 X 10-3 1.382
2.2712 X 10-3 1.6778 X 10-3 1.354
3.0828 X 10-3 1.9171 X 10-3 1.608
2.9593 X 10-3 1.9361 X 10-3 1.528
2.9470 X 10-3 1.9688 X 10-3 1.497
3.6203 X 10-3 2.2222 X 10-3 1.629
(a) The pH of the aqueous phase varied randomly from 6.5-7.5
before and after the distribution.
A plot of p°bs against fpic 1 is linear; a least squares' * aq
analysis gives, slope =494.66 ± 16.35, 
intercept =0.5619 ± 0.03, r = 0.98.
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11.3 EXTRACTION OF NaPic AND KPic BY 18-GROWN-6 AND 
DIBENZO-18-CROWN-6 FROM WATER TO TBP
The experimental procedure is the same as in the 
distribution experiments with NaPic and KPic. The only 
difference was that 18C6 in aqueous solution was added to 
the picrate solution in order to make up the right concen­
tration, thus introducing 18C6 to the system at the same 
time. In the case of DB18C6, the latter was dissolved in 
the TBP, which was then added to the system.
table 11.18 Extraction of NaPic 
TBP at 298 K^^)
by 18C6 from water to
Initial conc. Conc. of picrate Conc. of picrate Ratio
of NaPic in aq. in TBP phase. in aq. phase.
phase. X 10”2(M) X 10”2(m ) X 10-3(M)
5.3448 3.5898 1.6980 2.114
4.3730 2.8972 1.4472 2.002
3.8871 2.4560 1.3111 1.873
3.8871 2.4549 1.3100 1.874
3.5956 2.2780 1.2546 1.816
3.2069 1.9864 1.1574 1.716
2.9154 1.8727 1.0677 1.754
2.9154 1.8859 1.0764 1.752
2.3323 1.3785 0.9264 1.488
1.9436 1.1229 0.7708 1.457
1.9436 1.1229 0.7708 1.457
1.4577 0.8446 0.6147 1.374
0.9718 0.5339 0.4220 1.265
(a) The pH of the aqueous phase varied randomly from 5.5-7.4 
before and after the extraction.
A plot of D^b^ against P^icTj^  ^is linear; a least squares 
analysis gives slope = 714.04 i 37.66, intercept=0.9284+0.042, 
r =0.97 . The initial concentration of 18C6 in the aqueous 
phase was 4.004 x 10-2 M.
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Table 11.19 Extraction of KPic by 18C6 from water to TBP
at 298 K^^)
Initial conc. 
of KPic in aq. 
phase. X 10-3(M)
Conc. of picrate 
in TBP phase.
X 10"3(m )
Conc.of picrate 
in aq. phase.
X 10-3(M)
Ratio
5.0052 3.8057 1.1875 3.205
4.0042 2.9729 1.0167 2.924
3.5036 2.6215 0.9167 2.860
3.0031 2.2175 0.8142 2.723
2.5026 1.7853 0.7069 2.525
2.0021 1.3983 0.5993 2.333
1.5016 0.9904 0.4646 2.132
1.0010 0.6701 0.3340 2.006
5.0052 3.7469 1.1840 3.165
4.0042 2.9831 1.0139 2.942
3.0031 2.2175 0.8241 2.691
2.5026 1.8211 0.7170 2.540
2.0021 1.4237 0.5806 2.452
1.5016 1.0068 0.4486 2.244
1.0010 0.6650 0.3194 2.082
5.0052 3.7876 1.1944 3.171
4.0042 2.9797 1.0167 2.931
3.5036 2.6102 0.9167 2.847
3.0031 2.2232 . 0.8177 2.719
2.5026 1.7834 0,7069 2.523
2.0021 1.3955 0.5882 2.372
1.5016 0.9825 0.4722 2.081
1.0010 0.6660 0.3354 1.988
(a) The pH of the aqueous phase varied randomly from 5.5-7.4
,obsbefore and after the extraction. A plot of against
(^ Pic“]^g is linear; least squares analysis gives , 
slope = 1362.81±37.99/ intercept = 1.565010.030, r =0.98 
The initial concentration of 18C6 in the aqueous phase was 
4.004 X 10-2 M.
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Table 11.20 Extraction of NaPic by DB18C6 from water to TBP
at 298 K^^)
Initial conc. Gone, of picrate Conc. of picrate Ratio
of NaPic in aq. in TBP phase. in aq. phase.
phase. X 10”^(M) X 10”^(M) X 10"^(M)
3.600 3.3250 2.7500 12.09
3.200 2.9701 2.2986 9.45
2.800 2.5979 2.0210 12.85
2.400 2.2257 1.7430 12.77
2.000 1.8646 1.3540 13.77
1.600 1.4951 1.0486 14.26
1.200 1.1208 0.7916 14.16
(a) The pH of the aqueous phase varied randomly from 5.5-7.4
before and after the extraction. The initial concentratic
of DB18C6 in the TBP phase was 1.1194 X 10 M.
Table 11.21 Extraction of KPic by DB18C6 from water to TBP
at 298 K^^^
Initial conc. Conc. of picrate Conc. of picrate Ratio
of KPic in aq. in TBP phase. in aq. phase
phase. X 10”^(M) X 10“ (^M) X 10”^(M)
3.600 3.4118 1.8820 18.13
3.200 3.0188 1.8130 16. 66
2.800 2.6465 1.5350 17.24
2.400 2.2730 1.2710 17.89
2.000 1.9000 1.0000 19.00
1.600 1.5200 0.7986 19.03
1.200 1.1420 0.5833 19.57
(a) The pH of the aqueous phase varied randomly from 5.5-7.4
before and after extraction.
of DB18C6 in the TBP phase was 1.1194 x 10“  ^M
The initial concentration 
-2
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CHAPTER 12 
MISCELLANEOUS.EXPERIMENTS
12.1 DETERMINATION OF THE DIELECTRIC CONSTANT OF WATER 
SATURATED TBP AND TBP SATURATED WATER AT 298.15 K.
In order to ensure that correct readings were obtained, 
several other standard solvents had their dielectric cons­
tants measured at the same time as well. The samples exa­
mined were :
Deaerated and deionised water
AR butanol (BDH)
TBP (BDH) - passed twice through activated A4 molecular 
sieves
wTBP - TBP prewashed a few times with deionised water 
and left to equilibrate with deionised H2O for 
20 days at 298.15+0.1 K.
H20^^ - deionised water presaturated with pure TBP for 
20 days at 298.15 K.
The Calvert designed Dielectric Bridge was used in mea­
suring the dielectric constants. During each determination, 
the probe was left in the thermostated sample for 15 minutes 
to ensure that the probe was of the same temperature as well 
The result is recorded in Table 12.1
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Table 12.1 Dielectric constant of various samples measured 
by Calvert Dielectric Bridge, at 298.15 K.
Sample Dielectric constant 
(Found)
Literature value
Air 1.000 1.000 (by definition)
Deaerated and 
deionised water
79.02 78.54 ref.305
AR butanol 17.80 17.51 ref.305
TBP (pure) 8.10 8.05±0.05 ref.305
TBP^ 11.22 n. a
79.02 n.a
12.2 DETERMINATION OF THE SOLUBILITY OF DIBENZO-18-CROWN-6 
IN WATER, METHANOL-WATER (70/30 wt.%) AND METHANOL.
12.2.1 Determination of the solubility of DB18C6 in water 
at various temperatures.
An excess of DB18C6 was placed in the slanting chamber 
of the 'solubility determination apparatus', followed by 
deionised water. The solution was left at 298 K for 12 days 
(3 shakings per day) and the absorbance taken at X =274.5 nm, 
with 4 cm cells, using a Unicam SP8-100 spectrophotometer.
The saturated solutions (with excess of solute present) were 
then thermostated at 278 K, 283 K, 290.6 K, 298 K, 303 K,
308 K and 313 K. They were shaken 3 times a day and allowed 
to stand at a fixed temperature for at least 4 days before 
the absorbances were taken. In order to ensure that DB18C6 
did not decompose or hydrolyse, an UV spectrum was taken of 
each solution after the absorbance reading was registered.
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sinter filter
saturated
solution—
solute
Fig. 12.1 A solubility determination apparatus x ^  .) 
Results of the solubility study are recorded in Table 12.2.
Table 12.2 Solubility, of DB18C6 in water at various 
temperatures.
Temperature (K) Absorbance Solubility of DB18C6 
(mol 1~^ )
278 0.225 1.0222 X 10“^
283 0.257 1.1675 X 10"^
290.6 0.239 1.0858 X 10“^
298 0.234 1.0631 X 10"^
303 0.270 1.2266 X 10"^
308 0.333 1.5128 X 10"^
313 0.459 2.0512 X 10"^
(a) 4 cm cells were used, at 274.5 nm, molar extinction
coefficient = 5503.
The molar extinction coefficient remains constant within 
experimental error with variation of temperature.
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12.2.2 Determination of the solubility of DB18C6 in
MeOH/HgO (70/30 wt.%) at 298.15 K
An excess of DB18C6 was added to the solvent in a glass- 
stoppered tube and left at 298.15±0.1 K. The contents of the 
tube were agitated twice a day and the absorbance of the super­
natant saturated solution measured once a week, until the ab­
sorbance readings became stationary. An UV spectrum was also 
taken to check that no decomposition had taken place. Due 
care was taken to filter off any solute during sampling of 
the saturated solution by using a sinter filter.
The result is recorded in Table 12.3.
Table 12.3 Solubility of DB18C6 in MeOH/HgO (70/30 wt.%) 
at 298.15
Absorbance Deduced solubility 
(mol 1” )^
Experiment 1 0.513^^^ -49.672 X 10 Average=
Experiment 2 0 .603(c) 1.137 X 10“  ^ 1.052x10
(a) 1 mm cells used. TSmax at 274.5 nm. molar extinction
coefficient was 5304.
(b) absorbance taken after 8 weeks of equilibrating.
(c) absorbance taken after 6 weeks of equilibrating.
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12.2.3 Determination of the solubility of DB18C6 in MeOH
at 298.15 K.
Three sets of experiments were carried out using 'solu­
bility determination apparatus' to determine the solubility 
of DB18C6 in MeOH:
Experiment 1: an excess of DB18C6 was added to MeOH and left
at 298.15±0.1 K.
Experiment 2: an excess of DB18C6 was added to MeOH, left at
298.15 K and sonicated 3 times a day, for the 
first two days.
Experiment 3: duplicate of experiment 1.
The contents of these apparatus were then treated as in
12.2.2 and final results tabulated below:
Table 12.4 Solubility of DB18C6 in MeOH at 298.15 K (a)
Absorbance^^^ Deduced 
Solubility 
(mol l"^ )
Averaged 
Solubility 
(mol 1
Experiment 1 0.458 8.777x10"^
Experiment 2 0.460 8.816x10"^ 8.790xl0"4
Experiment 3 0.458 8.777x10"^
(a) 1 mm cells were used. at 274.5 nm, molar extinction
coefficient was 5218.
(b) stationary absorbance recorded after 48 days of equilibra­
ting. The UV spectra of each solution taken at the 
beginning and end of experiment are identical.
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LIST OF SOME SYMBOLS USED IN THE COMPUTER PROGRAMS
Most of the symbols are defined in the programs. Some 
of the more important ones are listed below:
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Program *YIEW9'(also see p.133)
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E
B
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Program 'CHIW7' (also see p.137)
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Program 'CHEK9' (also see p.138)
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